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• 

(Read  May  Meeting,  1915.) 

I.  INTRODUCTION. 

At  the  present  time,  when  efforts  are  being  directed  towards  the 
establishment  of  relationships  between  the  atomic  structure  of  an 
element  and  special  features  of  its  spectra,  it  is  desirable  to  ascertain 
as  fully  as  possible  the  frequencies  which  are  associated  with  the 
atoms  of  the  element  in  definite  and  determinate  physical  states. 
The  frequencies  associated  with  mercury  atoms  in  the  neutral,  or 
supposed  neutral  state,  have  been  carefully  investigated  by  R.  W. 
Wood1,  McLennan  and  Edwards*  and  others  in  the  region  between 
A  =  6,000  A°.U.  and  A  =  1,800  A°.U.  In  the  experiments  in  which 
this  was  done,  it  has  been  found  that  if  light  of  wave-lengths  lying 
within  the  limits  mentioned  be  passed  through  non-luminous  mercury 
vapour  there  is  a  strong  symmetrical  absorption  band  at  A  =  1,849 
A°.U.,  a  moderately  strong  non-symmetrical  one  at  A  =  2,536-72  A°.U. 
and  one  still  less  marked  and  consisting  of  three  narrow  bands  at 
A  =  2,338  A°.U. 

From  this  it  has  been  concluded  that  within  the  limits  mentioned 
there  are  three  groups  of  frequencies  which  characterise  the  atoms 
or  groups  of  atoms  present  in  the  vapour  of  mercury  in  tin-  non- 
luminous  state.  It  is  desirable,  however,  that  a  wider  range  of 
frequencies  should  IK-  investigated,  especially  on  the  side  of  the  infra- 
red, where  but  little  work  on  absorption  appears  to  have  Urn  done 
as  y< 

With  a   view  to  proceeding  in  this  direction  some  preliminary 

work  has  been  done  by  the  writers  in  that  region  on  the  emission  lines 

in  the  spectrum  of  the  mercury  arc.     It  is  evident  that  a  knowledge 

which  characterise  this  spectrum  in  the  infra-red  region 

.1-  well  u  of  their  exact  wave-lengths  would  be  of  great  assistance  in 

iin.u  where  to  look  for  absorption  by  mercury  vapour. 

It  was  found  on  examining  the  work  of  those  who  have  already 
•stigated  the  emission  spectrum  of  the  mercury  arc  in  the  infra-red 

>R.  W.  Wood.     Physical  Optics,  p.  431. 

'McLennan  and  Edwards,  Proc.  Roy.  Soc.  of  Canada,  1915. 
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region,  that  considerable  divergence  exists  in  their  results.  The  first 
recorded  investigations  were  somewhat  cursory  attempts  by  Snow 
and  by  Drew  and  it  was  not  until  1903  that  we  have  any  results  in 
which  confidence  can  be  placed. 

These  are  due  to  Coblentz  and  Geer1  who  worked  with  a  rock 
salt  prism  spectrometer  and  a  radiometer  and  found  three  definite 
lines  between  0-97/i  and  1  -285/j.  In  addition  to  these  they*  were  able 
to  identify  six  lines  in  the  neighbourhood  of  5  •  Oju  and  possibly  one  other 
near  3  •  0/n.  Coblentz*  repeated  this  work  a  couple  of  years  later  and 
announced  that  there  are  no  important  lines  beyond  1-3/z  except 
those  near  5-Oju.  W.  J.  H.  Moll3  somewhat  later  using  a  rock  salt 
spectrometer  and  thermopile  in  connection  with  an  automatic  record- 
ing device  identified  five  lines  between  1-0/x  and  1-7/*.  In  direct 
opposition  to  the  results  of  Coblentz  and  Geer,  Moll  states  that  there 
is  no  measurable  emission  above  1  •  !\L.  Probably  the  most  accurate 
measurements  on  the  infra-red  spectrum  of  the  mercury  arc  are  those 
made  by  Paschen4  with  a  concave  grating  and  a  Rubens  thermopile. 
By  means  of  the  better  definition  and  the  higher  dispersion  afforded 
by  the  grating,  Paschen  was  able  to  separate  maxima  which  had 
previously  been  recorded  as  single  lines.  In  all  he  identified  fourteen 
lines  between  1  •  Oju  and  1  •  7/z  and  he  confirmed  the  statement  by  Moll 
that  there  are  no  lines  beyond  1  •  7/z.  He5  subsequently  repeated  his 
measurements  and  found  a  maximum  at  4-0/z;  but  inasmuch  as  this 
maximum  eame  out  in  the  arc  spectrum  of  a  number  of  the  elements 
he  concluded  that  it  was  due  to  the  presence  of  hydrogen.  In  these 
later  measurements  a  bolometer  was  used  in  combination  with  a 
grating.  More  recently  still  H.  Rubens  and  O.  von  Baeyer6  have 
succeeded  in  showing  that  the  mercury  arc  emits  a  radiation  of  wave- 
length about  313/u.  They  succeeded  in  isolating  this  radiation  by  the 
method  of  focal  separation  previously  used  by  Rubens  and  Wood7 
and  in  measuring  its  wave-length  by  means  of  a  Fabry  and  Perot 
interferometer  of  a  special  type  in  combination  with  a  Rubens  micro- 
radiometer.  Subsequent  measurements8  by  them  on  this  radiation 


»W.  Coblentz  and  W.  C.  Geer,  Phys.  Rev.,  16  pp.  279-286,  1903. 

•Coblentz,  Phys.  Rev.,  20  pp.  122-124,  1905. 

•Moll.  Kon.  Akad.  Wet.  Amsterdam.     Proc.  9  pp.  544-548,  1907. 

'Paschen,  Ann.  der  Phys.  27,  3,  pp.  537-570,  1907. 

•Paschen,  Ann.  der.  Phys.  33,  4,  pp  717-738,  1910. 

•H.  Rubens  and  O.  von  Baeyer,  Phil.  Mag.,  21  pp.  689-695,  1911. 

7H.  Rubens  and  R.  W.  Wood,  Preuss.  Akad.  Wiss.  Berlin,  Sitz.  Ber.  52.  pp. 
1122-1137,  1910. 

•H.  Rubens  and  O.  von  Baeyer,  Preuss.  Akad.  Wiss.  Berlin,  Sitz.  Ber.  30  pp. 
666-667,  1911. 
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showed  that  it  consisted  of  two  wave-lengths,  the  one  at  about  218/z 
and  the  other  in  the  neighbourhood  of  343/i. 

The  only  noteworthy  measurements  by  photographic  methods 
in  the  infra-red  spectrum  of  the  mercury  arc  were  made  in  1912  by 
H.  Lehmann.1  He  used  the  phosphoro-photographic  method  of 
Bergmann2  and  found  four  lines  corresponding  to  those  of  Paschen 
and  in  addition  a  new  line  at  1  -46/z. 

In  the  present  investigation  a  careful  survey  was  made  of  the 
infra-red  spectrum  of  the  mercury  arc  in  the  region  beyond  1-0/x 
with  the  object  of  confirming,  if  possible,  the  existence  of  the  lines 
identified  by  Paschen  and  of  seeing  whether  the  lines  found  by  Cob- 
lentz  and  Geer  in  the  neighbourhood  of  3jz,  had  a  real  existence.  In 
this  examination  a  number  of  the  lines  noted  by  Paschen  were  identi- 
fied, the  existence  of  a  line  near  3-0/z  was  confirmed  and  in  addition 
a  number  of  new  lines  were  observed. 

II.  APPARATUS. 

In  this  work  a  number  of  different  forms  of  mercury  arc  lamps 
were  used  as  sources  of  the  radiation;  but  a  quartz  mercury  lamp, 
constructed  by  W.  C.  Heraeus,  was  found  to  be  the  most  satisfactory. 
This  lamp  gave  a  very  powerful  and  quite  concentrated  arc.  When  in 
operation  it  was  driven  with  a  direct  current  of  from  3-0  to  3-2 
amperes,  with  a  striking  potential  of  110  volts.  A  suitable  resistance 

of  course  inserted  in  series  with  the  lamp.  It  was  found  that  even 
with  this  lamp  the  current  through  it  steadily  decreased  for  the  first 
ten  minutes  after  the  arc  was  struck.  This  was  brought  about  by  an 
increase  which  took  place  in  the  resistance  of  the  mercury  vapour 
when  the  temperature  of  the  lamp  was  rising.  The  following  liable 
and  the  curve  in  Fig.  1.  show  the  variation  of  the  current  with  the 
elapse  of  time  in  a  typical  case: 


Time 

Current 

0  min. 
0  min.     50  sees. 

6'4  amps 
6-1       * 

1 

35 

5-9 

2 

20 

5-7 

10 

5-45 

3 

45 

5-1 

« 

45 

10 

6 

1*13 

SO 

4-00 

9 

10 

3-75 

10 

10 

3-72 

11 

— 

3-7 

>H.  I  (hmann.  Ann.  iK-r.  Phys.  39,  1,  pp.  76-77,  1912. 

'Bergmann,  Zcitachr.  Wiss.  Phot.  6  pp.  113-130  and  pp.  145-169,  1908. 
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In  all  experiments  care  was  taken  to  see  that  the  lamp  was  in  the 
steady  state  before  measurements  were  made  on  the  intensity  of  the 
radiation. 


o     /     z     3 


6      7     $ 
Fig.  1. 


The  form  of  spectrometer  used  was  one  designed  and  constructed 
by  the  Adam  Hilger  Co.     It  is  shown  in  Fig.  2  and  in  diagram  in 


Fig.  2. 


Fig.  3.  The  energy  measurements  were  made  with  a  senstitive 
Rubens  thermopile  shown  in  Fig.  4:  in  conjunction  with  a  very  delicate 
Paschen  galvanometer  made  by  the  Cambridge  Scientific  Instrument 
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Company.  The  radiation  from  the  lamp  was  allowed  to  fall  upon  a 
large  concave  mirror  having  a  diameter  of  19  cms  and  a  focal  length  of 
30  cms  which  brought  it  to  a  focus  on  the  slit  Si.  From  this  slit  the 


Fig.  3. 

rays  passed  to  the  nickel-steel  concave  mirror  MI  thence  through  the 
rock  salt  prism  P  to  the  plane  nickel  steel  mirror  M2.  From  this  they 
were  reflected  to  the  concave  nickel-steel  mirror  M3  and  by  it  they 
were  brought  to  a  focus  on  the  linear  junctions  of  the  thermopile  at 
T.  which  was  placed  immediately  behind  the  slit  S2.  The  prism  and 
plane  mirror  were  mounted  on  a  table  which  rotated  about  the  point 
A.  By  turning  this  table  through  a  small  angle,  any  desired  part  of 
the  spirt  rum  could  be  brought  to  a  focus  at  82.  The  rotation 
produced  by  the  motion  of  a  helic.il  drum  attached  at  D,  which  was 
calibrated  in  wave-lengths  up  to  10/u  from  data  on  the  dispersion  of 
rock  salt  as  given  by  Paschen1  and  others. 

An  eye-piece  E  was  attachable  behind  the  slit  Sj  for  the  purpose  of 
focussing  lines  in  the  visible  part  of  the  spectrum  on  tin*  thermopile 
and  of  adjusting  the  prism  so  that  the  radiation  brought  to  a  focus 

^3  was  in  agreement   \\ith  the  reading  on  the  drum.     The  prism 
had  v  4-2  cms  and  was  ground  to  an  angle  of  appi 

mately  55°.   .Judging  by  the  visible  spectrum,  there  was  very  little 
curvature  in  the  spectral  lines  produced  by  this  prism. 

'Paschen,  Ann.  d.  Phys.  26  '138;  5  pp.  1029-1030,  1908. 
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The  thermopile,  Fig.  4,  consisted  of  10  junctions  of  bismuth- 
silver  joined  by  silver  solder  and  flattened  out  into  rectangular  plates 
at  the  exposed  junctions  which  were  blackened.  The  sensitive  area 


was  20  mm.  long  and  1-5  mm.  wide  or  a  total  of  30  sq.  mm.  As  the 
slit  width  used  in  all  the  experiments  was  only  1  mm.,  the  effective 
area  of  the  exposed  junctions  was  only  20  sq.  mm. 

The  galvanometer  used  was  a  modified  form  of  the  Thomson 
galvanometer  and  was  specially  designed  by  Paschen1  for  radiometry 
measurements.  The  magnet  system  consisted  of  two  groups  of  thir- 
teen magnets  arranged  alternately  on  opposite  sides  of  a  fine  glass 
stem  and  supported  by  a  fine  quartz  fibre.  The  coils  were  elliptical 
in  shape  and  were  wound  with  six  different  sizes  of  wire  with  the  object 
of  producing  a  maximum  field  for  a  given  resistance  of  copper.  The 
period  could  be  controlled  by  means  of  a  magnet  and  it  was  adjusted 
to  have  a  full  period  of  5  sees.  It  was  found  that  while  a  longer  period 
did  not  materially  increase  the  sensibility,  it  made  the  zero  drift 
considerably  greater.  The  resistance  of  the  thermopile  was  2-93 
ohms  and  that  of  the  galvanometer,  with  the  coils  connected  in 
multiple  series  which  was  the  arrangement  always  adopted,  was  3-0 
ohms.  The  sensitiveness  of  the  instrument  was  such  that  a  de- 
flection of  1  mm.  on  a  scale  at  a  distance  of  one  metre  was  produced 
by  a  current  of  •  00025  micro  amperes. 

One  of  the  greatest  difficulties  met  with  in  the  work  was  the 
variation  produced  by  temperature  changes  and  by  stray  air  currents. 
To  overcome  these  the  thermopile  and  slit  were  enclosed  in  a  nickelled 
box,  shown  at  B  in  Fig.  3,  which  was  both  packed  inside  and  surrounded 
outside  with  cotton  waste.  The  whole  spectrometer  was  enclosed  in  a 
Paschen,  Ann.  der.  Phys.  27,  3.  pp.,  537-570,  1908. 
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wooden  box  lined  with  absorbent  cotton  and  all  the  free  space  between 
the  spectrometer  stand  and  the  box  was  also  filled  with  cotton  waste. 
The  box  had  a  window  at  Si,  covered  by  a  shutter  and  a  second 
window  as  well  through  which  to  read  the  wave-lengths  on  the  drum. 
Ai  an  additional  precaution  an  asbestos  screen  was  always  placed 
between  the  lamp  and  the  spectrometer.  The  lamp  itself  gave  rise 
to  certain  errors  due  to  variations  in  the  current  and  to  the  occasional 
deposit  of  a  drop  of  mercury  on  the  face  of  the  tube  from  which  the 
radiation  was  taken.  These  latter  errors  were  sufficient  at  times  to 
produce  false  maxima  of  considerable  magnitude.  In  taking  all 
readings  the  drum  was  set  at  the  desired  wave-lengths  and  the  shutter 
was  opened  until  the  galvanometer  reached  its  maximum  deflection, 
when  it  was  again  closed.  This  was  repeated  from  six  to  ten  times  and 
t  IK-  mean  value  of  the  deflection  was  taken  as  a  measure  of  the  energy 
in  the  particular  wave-length  selected.  Zero  drift  was  "always  con- 
siderable, on  some  days  amounting  to  as  much  as  140  mm.  in  readings 
extending  over  the  space  of  an  hour.  To  eliminate  the  effect  oi  this 
drift  the  amount  of  deflection  on  opening  the  shutter  was  read  and  also 
the-  distance  which  the  spot  of  light  returned  on  closing  the  shutter. 
The  mean  of  these  two  was  then  taken  as  the  correct  reading.  When 
every  imaginable  precaution  was  taken  it  was  still  found  that  maxima 
appeared  in  the  energy  curves  which  apparently  did  not  represent 
spectral  lines.  However,  it  was  possible  by  repeating  the  readings 
:  any  given  portion  of  the  spectrum  on  different  days  to  differentiate 
.veen  true  and  false  maxima  and  so  to  identify  the  spectral  lines. 
In  taking  the  measurements,  it  was  necessary  to  distinguish  between 
the  energy  which  was  contributed  by  a  special  line  and  that  which  was 
contributed  by  the  continuous  spectrum  due  to  the  radiation  from  the 
heated  quartz  of  the  lamp  itself.  To  do  this  a  circuit  breaker  was  con- 
nected in  series  with  the  lamp,  the  drum  was  adjusted  to  give  the  \\ 
length  of  the  desired  line  and  the  shutter  was  opened  immediately 
after  the  circuit  was  broken.  The  ensuing  deflection  was  read  and  the 
time  noted  on  a  stop-watch.  The  shutter  was  again  closed  and  after 
an  interval  re-opened.  The  deflection  produced  and  the  time  OOT1 
ponding  to  it  \\ere  again  noted.  In  this  way  several  readings  were 
n  and  a  cooling  curve  was  plotted  from  them.  This  curve  was 
then  extended  backwards  to  zero  time  and  from  the  point  when  it 
cut  the  ordinate  a\i>  the  energy  conrtibuted  by  the  radiation  from  the 
hot  quartz  of  the  wave-length  under  investigation  was  ascertained. 
trading  was  subtracted  from  the  reading  taken  when  the  lamp 
was  in  .  •  and  the  ditlnvncc  .uave  the  energy  contributed  by  the 

spectral  line.     A  cooling  curve  of  the  type  just  mentioned  is  shown 
in  Fk 
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The  intensity  of  the  radiation  of  any  particular  wave-length  as 
measured  by  the  spectrometer  was  found  to  vary  with  small  dis- 
placements of  the  lamp  or  scale  and  so  all  measurements  were  com- 


10  r— 


20  25 

Tint  m  src'5. 


Fig.  5. 


pared  with  the  deflection  produced  by  the  radiation  from  the  green 
line  A  =  5,461  A°.U.  This  line  which  was  of  strong  intensity  pos- 
sessed the  advantage  of  being  practically  outside  the  region  of  the  hot 
quartz  radiation. 

III.  ACCURACY  OF  MEASUREMENTS. 

In  work  on  infra-red  spectra  the  means  generally  employed  to 
produce  the  spectrum  are  the  prism  and  the  grating.  The  latter  has 
the  great  advantage  that  it  absorbs  but  little  radiation  and  that  it 
affords  good  definition  in  all  parts  of  the  spectrum.  Against  this,  how- 
ever, is  the  fact  that  the  energy  is  divided  up  into  several  orders,  that 
these  orders  often  overlap  in  the  infra-red,  and  that  the  distribution 
of  energy  in  any  one  order  does  not  always  correspond  with  the  true 
distribution  in  the  spectrum.  The  prism,  on  the  other  hand,  gives 
but  one  order,  so  that  a  maximum  of  energy  is  found  in  each  and  every 
wave-length.  It  limits  the  measurements,  however,  to  the  region 
where  the  radiation  is  transmitted  without  absorption.  With  prisms 
of  rock  salt  the  radiation  is  transmitted  up  to  wave-lengths  of  60,000 
A°.U.;  but  it  is  difficult  to  secure  good  definition  in  the  longer  wave- 
lengths. This  difficulty,  moreover,  is  enhanced  by  the  fact  that  in 
order  to  secure  sufficient  energy  in  the  weaker  lines  it  is  necessary  to 
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work  with  a  fairly  wide  slit.  On  this  account  one  cannot  expect  in 
working  with  a  rock  salt  prism  to  reach  the  precision  of  wave-length 
measurement  attainable  with  a  grating  spectroscope  or  to  differentiate 
between  lines  very  close  together  with  the  same  facility  as  with  a 
grating.  The  prism,  however,  enables  one  to  obtain  a  reliable  register 
of  the  maxima  in  the  energy  spectrum  and  these  can  be  used  as  a 
guide  for  finer  measurements  with  an  instrument  such  as  a  grating. 
The  following  table  shows  the  width  of  spectrum  covered  in  the 
different  ranges  by  the  thermopile  slit  for  a  slit  width  of  1  mm. 


Wave-length 

Width  of  spectrum. 

0-54  M 

0-02  M 

0-58 

0-03 

0-82 

0-08 

1-50 

0-28 

2-00 

0-62 

3-00 

0-76 

4-00 

0-68 

5-00 

0-54 

6-00 

0-46 

7-00 

0-40 

8-00  • 

0-36 

10-00  " 

1 

These  results  are  also  shown  graphically  in  Fig.  6.     Although 
from  this  table  there  seems  to  be  a  considerable  width  of  spectrum 


Fig.  6. 

covered  by  the  slit,  still  it  must  U-  tvmrmU-rrd  tli.it  since  in  all  our 
measurements  readings  were  taken  at  intervals  of  01^,  the  energy 
curves  could  be  filled  in  between  these  readings  and  the  wave-lengths 
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could  be  assigned  to  the  various  lines  with  an  accuracy  of  probably 
±0-01/1. 

IV.  OBSERVATIONS. 

After  the  apparatus  was  carefully  set  up  and  found  to  be  in  good 
working  order  a  set  of  readings  was  taken  on  the  energy  spectrum  of 
an  Arons1  amalgam  lamp.  The  amalgam  in  this  lamp  consisted  of 
about  60%  Hg,  20%  Pb,  20%  Bi,  J%  Zn  and  J%  Cd.,  the  lamp  was 
run  on  the  110  volt  direct  current  circuit  with  a  suitable  resistance  in 
series.  The  energy  curve  is  shown  in  Fig.  7.  Thirty-six  distinct 


Fig.  7. 

maxima  were  observed  in  all  between  wave-lengths  0  •  70/z  and  3  •  O/*. 
Possibly  as  many  more  could  have  been  distinguished  by  repeated 
observations;  but  as  there  was  no  way  of  distinguishing  which  were 
mercury  lines  and  which  were  lines  of  the  other  metals  further  work 
with  this  lamp  was  abandoned. 

Readings  were  then  taken,  as  stated  above,  with  a  lamp  contain- 
ing only  pure  mercury.  The  maxima  from  a  large  number  of  sets  of 
readings  were  compared  and  the  regions  which  contained  constantly 
recurring  maxima  were  carefully  examined  so  as  to  establish  the  exact 

,  Ann.  d.  Phys.     Band  23,  1906. 
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position  of  each  maximum  as  closely  as  possible.  In  the  same  region 
as  that  investigated  by  Paschen,1  the  positions  of  nine  lines  were  deter- 
mined and  these  accorded  fairly  well  with  the  wave-lengths  given  by 
him.  As  was  expected,  in  regions  where  the  latter  gives  two  or  three 
lines  in  close  proximity,  only  one  maximum,  corresponding  to  the  mean 
wave-length  was  recorded  in  our  measurements.  Corresponding  to 
tin  new  line  observed  by  H.  Lehmann2  at  1-464/z,  a  maximum  was 
found  which  appeared  to  vary  slightly  from  1-46/u  to  1-50/x.  The 
mean  wave-length  of  all  the  readings  taken  on  this  line  was  1-483/u. 
In  addition  to  these,  four  other  lines  were  recorded,  two  of  which  had 
already  been  located  by  W.  Coblentz  and  W.  C.  Geer  with  slightly 
higher  values  for  the  wave-lengths.  In  their  work  a  line  is  given  at 
1  -()45)u  while  in  ours  it  was  found  to  be  at  1  *038/i.  Close  to  the  line 
we  also  found  two  others  at  1  •  067^  and  1  •  090/z  respectively.  The 
presence  of  these  lines  was  evidently  suspected  by  Coblentz  and  Geer8 
since  they  state  that  certain  observations  were  repeated  "to  learn 
whether  another  line  exists  between  1  -06/z  and  1  •  12/z  where  the  curve 
is  very  asymmetrical."  Their  instruments,  however,  were  not  suffi- 
ciently sensitive  to  detect  these  lines.  Beyond  1  -  7/u  only  one  line 
was  found  which  was  at  3  •  2/z.  This  confirmed  the  doubtful  indications 
recorded  by  the  above-named  pair  of  investigators.  This  part  of  the 
spectrum  wa<  not  as  thoroughly  examined  as  might  be  desired  and 
it  is  just  possible  that  a  closer  examination  might  have  revealed  other 

.iniii,  particularly  in  the  region  of  3-7/z  where  indications,  as  will 
be  shown  below,  point  to  the  possible  existence  of  a  new  line. 

In  Tal»le  I.,  the  wave-lengths  of  the  lines  isolated  in  the  present 
investigation   are   given  in  the  first  column  and  their  relative  inten- 
in  the  second.     Accompanying  these  are  given  in  order  the  w. 

•  hs  of  the  lines  determined  by  other  investigators,  namely,  Paschen. 
Lehmann,  Moll  and  Coblentz  and  Geer.     The  intensities  are  given 
for  the  firM  two,  but  in  the  case  of  the  others  no  intensities  are  re- 
corded in  their  communications.     In  the  last  column  the  frequen 
of  all  the  lines  are  given,  reduced  to  a  vacuum. 


1  Paschen,  he. 
i aim,  loc. 
•Coblentz  and  Geer.     Phya.  Rev.  16  p.  284,  1903. 
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Table  I. 


Authors 

I 

Paschen 

I 

Lehmann 

I 

Moll 

Coblentz 
and  Geer. 

Frequency 
in  vacua 

3-02 

6 

M 

3310-3 

— 

— 

— 

— 

— 

— 

— 

3-00  (?) 

3332-4 

1-72 

5 

_ 

_ 

_ 

_ 

_ 

5812-4 

— 

— 

1-711 

4 

— 

_ 

_ 

_ 

5843-1 

— 

— 

1-707 

5 

— 

_ 

— 

_ 

5856-9 

— 

— 

— 

— 

— 

— 

1-70 

_ 

5880-8 

— 

— 

1-694 

2-8 

— 

— 

— 

— 

5900-8 

— 

_ 

1-692 

4-6 

_ 

_ 

_ 

— 

5908-6 

— 

_ 

1-529 

9 

_ 

_ 

_ 

_ 

6514-4 

— 

— 

— 

— 

— 

_ 

1-52 

_ 

6577-1 

1-483 

3 

— 

— 

— 

_ 

— 

_ 

6668-3 

— 

— 

— 

— 

1-464 

4 

— 

_ 

6828-5 

— 

— 

1-395 

6-5 

— 

— 

— 

— 

7166-0 

1-377 

8 

_ 

_ 

_ 

_ 

_ 

_ 

7260-6 

— 

_ 

_ 

_ 

1-369 

2 

_ 

_ 

7300-2 

— 

_ 

1-367 

17 

_ 

_ 

_ 

_ 

7311-3 

— 

_ 

— 

— 

1-359 

2 

— 

_ 

7352-2 

— 

— 

1-357 

12 

— 

— 

— 



7366-7 

1-329 

6 

— 

— 

— 

— 

— 

— 

7522-4 

— 

— 

— 

— 

— 

— 

— 

1-285 

7778-4 

1-270 

4 

_ 

_ 

_ 

_ 

_ 

_ 

7871-8 

— 

_ 

1-207 

2-6 

_ 

_ 

_ 

_ 

8282-2 

1-205 

2 

_ 

_ 

_ 

_ 

_ 

_ 

8286-6 

— 



1-202 

2-4 









8316-4 

_ 

— 

1-188 

2-6 

— 



— 



8410-3 

1-170 

7 

— 

— 

— 

— 

— 

— 

8544-9 

_ 

— 

1-129 

31 

— 

— 

_ 

_ 

8826-5 

1-128 

9 

— 

_ 

1-128 

3 

_ 

_ 

8863-0 

1-090 

5 

_ 

_ 

_ 

_ 

_ 

r_ 

9171-7 

1-067 

7 













9369  •  7 

— 

_ 

_ 

_ 

_ 

_ 

_ 

1-045 

9567-2 

1-038 

6 









— 

— 

9631-4 

— 

— 





1-015 

1 

— 

— 

9851-2 

1-014 

30 

1-014 

71 

— 

— 

— 

— 

9863-5 

V.  DISCUSSION  OF  RESULTS. 

If  the  measurements  made  by  the  writers  be  compared  with 
the  others  given  in  Table  I.,  it  will  be  seen  that  the  line  observed  by 
us  at  3  •  02/i  is  probably  the  same  as  that  given  by  Coblentz  and  Geer 
at  3-00/x  and  the  maximum*  at  1-72/*  doubtless  corresponds  to  the 
group  of  four  lines  given  by  Paschen  between  1-692/z  and  1-711/z. 
There  is  no  line  given  by  the  others  near  1  •  483  unless  it  be  that  given 
by  Paschen  at  1-529/*  and  the  one  given  by  Moll  at  1-52^.  The 
maximum  noted  at  1-377/*  represents  probably  a  combination  of 
Paschen's  two  lines  at  1-395/z  and  1-367/z  and  the  lines  nearest  to 
1-329/z  are  that  noted  by  Paschen  at  1- 3517/1  and  that  given  by 
Coblentz  and  Geer  at  1-285.  The  line  at  1-270/z  appears  to  be  a 
new  one,  unless  it  be  the  same  as  that  given  by  Coblentz  and  Geer  at 
1  •  285/z.  That  at  1  •  205 jj.  very  likely  represents  a  combination  of  the 
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lines  given  by  Paschen  at  1-207/z  and  1-202/*.  The  line  at  1-170/z 
probably  represents  the  same  one  as  Paschen's  at  1  •  188//.  The  maxi- 
mum observed  at  1  •  128/*  was  also  found  by  Paschen  and  Lehmann  but 
the  maxima  at  1-090/z  and  1-067/z  are  new.  As  mentioned  before, 
the  maxima  at  1  •  038jtz  and  1  •  045/z  probably  refer  to  the  same  line. 
The  line  at  1-01/e  was  also  observed  by  Paschen  and  by  Lehmann 
at  l-015jtf. 

An  energy  curve  showing  the  maximum  at  3-02/1  is  given  in  Fig.  8 
and  others  sin  .\\in-  tin   new  lines  at  1-27//,  1-090//,  and  1-067//  are 


Fig.  8. 


n  in  Figs.  9  and  10.     It  will  be  noted  that  the  maxima  at  1-27/* 
3-02/x  are  fairly  sharp  while  those  shown  in  I  iu    1  0  are  somewhat 
broader. 

A  comparison  of  the  intensities  assigned  to  the  \arious  lines  by  the 
different  investigators  all'«»nU  .in  interesting  study.  Paschen  says  in 
his  paper  that  he  found  the  line  at  1-014/z  was  the  most  intense  in  tin- 
whole  mercury  spectrum  and  that  on  the  same  relative  -rale,  as  that 

:<!ed  in  Table  I.,  he  found  the  mercury  i;reen  line  at  A  =  5461  A°U. 
was  represented  by  an  intensity  of  42,  i.e.,  rather  more   >han  one- 
half  of  the  intensity  of  the  line  l-014/(.      In  the  im-aMircnu-nts  of  the 
If  found  that  if  i  '  v  in  the  line  at  1  -Q\4fJL  be  repre- 

sented by  30  that  in  the  line  at  A  «  5461  A°U.  was  found  to  be  i 
resented  by  40,  or  one-third  .m  that  of  the  1  \fi.    On 

look  aim's  results  it  will  be  seen  that  though  there  is  no 

of  the  green  line  that  of  the  line  1  -015^t 

is  given  !•>  him  as  the  weakest  in  the  infra-red  spectrum.     This  was 
pp'Kil>!  .   the   method   of   re^istetin^    the  spectrum   used    l»v 


Sec.  III.  1915—14 
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Lehmann,  for  it  will  be  remembered  that  by  it  the  lines  were  recorded 
by  their  inverting  action  on  a  phosphorescent  screen.  It  is  quite 
possible  that  the  line  1-015/i  being  nearer  to  the  wave-lengths  of  the 


2    52 


150 

VAVL     LEflGTM    IT1>L. 


Fig.  9. 


visible  spectrum  than  any  of  the  others  recorded,  would  not  have  as 
strong  an  effect  as  waves  of  longer  length.  As  regards  the  relative 
intensities  of  the  lines  1-014//  and  5461  A°U.,  it  was  noted  by 


10  112 

WAVE  U.TIGTM     in>U 


Fig.  10. 
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Paschen1  that  if  the  vapour  pressure  in  his  lamp  was  increased,  the 
relative-  intensity  of  the  line  1-014/z  came  out  still  higher,  while  with 
a  low  vapour-pressure  the  intensity  of  the  two  lines  was  about  equal. 
This  nuTy  explain  the  values  of  the  intensities  found  for  these  lines  in 
the  present  investigation. 

Table  II. 


Wave-length. 


Frequency 


Difference. 


First  subordinate  triplet  series, 
r  =  2,  p — m,  d.  m    =3. 


3663-05  A°.U. 
3131-66  «      u 
2967-37  «      « 

27292-06 
31922-98 
33690-34 

4630-92 
1767-36 

Second  subordinate  triplet  series. 

=  2,  p  —  m,  s.  m  =  1-5. 

5460-97  A     I 
4358-66    «     " 
4046-78    u     u 

18306-73 
22937-04 
24707-23 

4631-31 
1767-19 

Triplet  1-038M  1 -270/x  3-02M. 


30200 
12700 

10380 


A°.r. 


3310-3 
7871-8 
9631-4 


4561-5 
1759-6 


Suggested  triplet  1  -09^  1  -367M  3  •  70M 
37000  A°.  U. 
13670     "     " 
10900     "     tt 


2702-7 
7311-3 
9171-7 


4608-6 
1860-4 


In  looking  for  series  relationships  among  the  lines  given  in  the 
column  of  Table  I.,  it  was  seen  that  the  frequency  differci 
for  the  lines  1  •  038/z,  1  •  27/z  and  3  •  02/z  are  practically  the  same  as  those 

which    Chan  the    subordinate  triplets    in    the    mercury 

spectrum  given  by  y  =  2,  p — m,  d  and  y  =  2,  p — m,  s.  This  will  be 
evident  liom  the  numbers  given  in  Table  II.  It  will  bo  noted,  too, 
<  pit-nty  difference  between  tin-  line  ^ivrn  in  our  list  at 
1-09/x  and  the  one  given  by  Paschen  at  1-367  is  equal  to  1860-4, 
whi<  h  approximates,  as  the  table  shows,  to  the  frequency  difference 
bnv  e  second  and  third  numbers  ,,l  the  triplets  of  the  two 

sub"  M  UK  ntioned  above      h  these  two  lines  should  turn 

out   to  be  tii  :  and  third  numb.  triplet  similar  to  the 

n.  .1.  l'!u  <M)8. 
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already  noted,  there  would  need  to  be  a  line  at  about  3-70//.  A  line 
in  this  position,  however,  was  not  observed  in  our  investigation;  but 
as  already  mentioned  this  portion  of  the  infra-red  spectrum  was  not 
examined  as  closely  as  the  region  of  somewhat  shorter  wave-lengths. 

VI.  SUMMARY  OF  RESULTS. 

I.  Thirteen  lines  have  been  recorded  in  the  infra-red  spectrum 
of  the  mercury  arc  between  the  wave-lengths  1  •  OO/*  and  3  •  02/i. 

II.  The  existence  of  the  line  near  l-04jit  which  was  shown  to 
exist  by  Coblentz  and  Geer  but  which  was  not  found  by  later  in- 
vestigators, was  confirmed  by  the  finding  of  a  line  at  1  •  038/1. 

III.  The  existence  of  at  least  one  line  with  a  wave-length  longer 
than  1  •  7Q/J.  was  proved  by  the  discovery  of  a  line  at  3  •  02//,  which  was 
also  in  confirmation  of  the  work  by  Coblentz  and  Geer. 

IV.  Three  new  lines  were  discovered   in   the   infra-red  spectrum 
at  l-067/i,  1-090/z  and  1-270/z. 

V.  It  has  been  pointed  out  that  the  frequency  differences  for  the 
lines  1  •  038/i,  1  •  270//  and  3  •  02/z  are  the  same  as  those  which  characterise 
the  triplets  in  the  subordinate  series  for  the  mercury  arc  spectrum 
given  by  7  =  2,  p — m,  d  and  7  =  2,  p — m,  s.  It  has  also  been  sug- 
gested that  possibly  the  lines  at  1  •  09/z  and  1  •  367/f  are  the  third  and 
second  numbers  of  a  similar  triplet  with  its  first  number  in  the  neigh- 
bourhood of  3-70/z. 
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Emission  and  Absorption  in  the  Infra- Red  Spectrum  of 

Mercury, 

By  RAYMOND  C.  DEARLE,  M.A.,  University  of  Toronto. 

(Communicated  by  Prof.  J.  C.  McLennan,  F.R.S.     Received  July  17,  1916.) 

INTRODUCTION. 

In  a  previous  paper  by  McLennan  and  Dearie,*  it  was  pointed  out  that 
bands  had  been  found  in  the  absorption  spectrum  of  non-luminous  mercury 
vapour  at  X  =  1849  A.U.,  X  =  253672  A.U.,  and  X  =  2338  A.U.,  but  that 
nothing  had  been  done  up  to  the  present  in  the  way  of  investigating  the 
infra-red  region  of  this  spectrum  for  characteristic  absorption  bands,     In  the 
same  paper  an  account  was  given   of  some  measurements  made  on   the 
ml  emission  spi-Hrum  «»i   tin-  mcnuiy  arc  for  the  purpose  of  estab- 
ng  the  wave-lengths  and  intensities  of  the  lines  in  that  region.    The 
present  paper  deals  first  with  some  additional  work  on  the  r  u tensities 

of  these  lines,  and,  secondly,  with  the  absorption  bands  produced  by  passing 
white  light  through  non-luminous  mercury  vapour. 

*  McLennan  and  Dearie, '  Phil.  Mag.,'  ToL  30,  p.  683  (1915). 
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THE  DISTRIBUTION  OF  INTENSITY  IN  THE  LINES  OF  THE  MERCURY 

SPECTRUM. 

In  the  paper  by  Prof.  McLennan  and  myself  (loc.  cit.}  on  the  infra-red 
spectrum  of  the  mercury  arc,  it  was  shown  that  there  was  a  disagreement 
between  the  values  of  the  relative  intensities  of  the  lines  0'5461/t  and 
1-014  p.,  as  given  by  Paschen  and  by  us.  According  to  the  former,  the 
line  1'014/i  is  the  strongest  in  the  arc  spectrum  of  mercury,  while  in  our 
investigation  the  line  0'5461  /x  was  found  to  be  somewhat  the  stronger.  It 
was  pointed  out  by  Paschen*  that,  with  low  vapour-pressures,  the  intensities 
of  the  two  lines  were  about  equal,  while  an  increase  in  vapour-pressure 
caused  a  relatively  greater  increase  in  the  intensity  of  the  line  1'014/t. 
Kiich  and  Ketschinsky,f  in  their  measurements  on  the  temperature  of  the 
mercury  arc,  found  that  an  increase  in  current  caused  an  increase  in  tem- 
perature, but  did  not  affect  the  vapour-pressure,  whereas  an  increase  in 
voltage  caused  an  increase  both  in  temperature  and  in  vapour-pressure.  In 
Paschen's  paper  no  mention  is  made  of  any  variation  in  the  voltage,  but 
only  of  variations  in  current,  so  that,  from  the  information  given,  it  is  not 
clear  whether  there  was  actually  any  variation  in  the  vapour-pressure  in  his 
lamp,  or  merely  variations  in  the  temperature. 

In  a  later  paper  by  Kiich  and  KetschinskyJ  it  was  stated  that,  with 
higher  temperatures  in  the  mercury  arc,  the  lines  of  shorter  wave-length 
were  relatively  stronger  than  with  lower  temperatures,  but  no  measurements 
were  made  on  the  line  1*014  //,.  As  this  is  analogous  to  the  temperature 
effect  for  black  body  radiation,  it  seemed  possible  that  the  distribution  of 
intensity  in  the  lines  of  the  spectrum  might  follow  the  usual  form  of  the 
radiation  curve.  This  point  was  investigated  by  Pfliiger§  and  later  by 
Grebe||  with  the  result  that  it  was  established  that  lines  belonging  to  the 
same  series  have  their  relative  intensities  arranged  along  a  curve  which  is 
convex  to  the  wave-length  axis,  that  is,  a  curve  resembling  the  short-wave 
portion  of  an  energy  curve.  It  was  also  found  that  an  increase  in  tempera- 
ture caused  a  relatively  greater  increase  in  the  intensities  of  the  shorter 
wave-lengths  than  in  those  of  the  longer  wave-lengths.  These  relations, 
however,  did  not  hold  within  a  single  triplet,  nor  among  the  lines  as  a  whole. 
All  of  the  wave-lengths  investigated  lay  within  the  region  of  the  visible 
spectrum  or  in  the  ultra-violet,  and  no  observations  were  made  on  the 

*  F.  Paschen,  '  Ann.  d.  Phys.,'  vol.  27  (13),  p.  559  (1908). 

t  R.  Kiich  and  T.  Eetschinsky,  'Ann.  d.  Phys.,'  vol.  22  (3),  pp.  595,  602  (1907). 

I  R.  Kiich  and  T.  Retschinsky,  '  Ann.  d.  Phys.,'  vol.  22  (5),  pp.  852,  866  (1907). 

§  A.  Pfliiger,  'Ann.  d.  Phys.,'  vol.  26  (4),  pp.  789-805  (1908). 

||  L.  Grebe,  'Phys.  Zeitschr.,'  vol.  11,  pp.  1121-1122  (1910). 
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infra-red  wave-lengths,   that  is,  in   the  region  where  the  maximum  of  an 
energy  curve  would  be  expected  to  appear. 

The  present  investigation  was  undertaken  to  find  (1)  whether,  in  the  infra- 
region,  the  relative  intensities  of  the  lines  in  a  given  series  are  distributed 
along  an  energy  curve ;  and  (2)  the  effect  of  increased  temperature  and 
vapour-pressure  on  the  relative  intensities  of  the   two  lines  0'5461/i  and 
1'014/z.  which  do  not  belong  to  the  same  series. 


EXPERIMENTAL  ARRANGEMENT. 

The  arrangement  of  the  apparatus  was  the  same  as  that  previously 
described  in  the  paper  by  Prof.  McLennan  and  myself,  except  that  the  light 
from  the  mercury  arc,  instead  of  being  focussed  on  the  spectrometer  slit  by  a 
concave  mirror,  passed  directly  through  a  quartz  lens  having  a  focal  length  of 
20  cm.  For  the  determination  of  the  intensities  of  the  various  lines  as 
distinguished  from  the  continuous  radiation  due  to  the  heated  quartz,  the 
;<xl  was  followed  of  drawing  a  cooling  curve  for  the  lamp  after 
extinguishing  the  arc.  Greater  precision  was  given  to  these  measurements 
by  taking  logarithms  of  the  galvanometer  deflections  and  plotting  these 
against  elapsed  time.  This  gave  straight  lines  which  could  be  continued  back 
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to  zero  time  very  accurately.  An  additional  advantage  of  this  method  is 
that  it  was  only  necessary  to  take  two  readings  with  the  galvanometer  in 
order  to  obtain  a  complete  curve.  An  example  is  given  below,  the  curves 
being  shown  in  fig.  1. 


Elapsed  time. 

Deflection. 

Logic  deflection. 

sees. 

Tnins. 

8 

12 

1  -0792 

20 

6 

0  -7782 

33 

3 

0  '4771 

40 

2 

0  -3010 

55 

1 

o-oooo 

From  the  curve  we  get,  for  zero  time,  log™  deflection  =  1*26  .  .  .  hence, 
deflection  due  to  radiation  from  the  heated  quartz  =  18'2  mm. 


KESULTS. 

The   lines   chosen   for   the   first   part    of    the   investigation   were   those 
belonging  to  the  main  series  of  single  lines 

n  =  (2-5,  S)-(m,  P)  * 

and  the  first  three  members  of  the  series  were  used.     These  are  given  by 

m=2,          \=  1-014/*, 

3,  1-357  fi, 

4,  0-6717;*. 

The  lamp  was  run  with  two  different  energy  consumptions  with  the  following 
results : — 


Wave-length. 

Intensity. 

Energy  =  230  watts. 

Energy  =  150  watts. 

1-357 
1-014 
0  '6717 

6 
20 

4 

6 
14 
2 

*  In  the   symbolic    equation    v  =  (n,   X)  -  (m,    X)   the   frequencies    are    given    by 

"  =  r    .  TT  . — 7 — ^Fvi2~r — T^? 1 vv5»  w»ere  N  is  Rydberg's  number,  n  has  a  fixed 

[n  +  X + x  (n,  X)]2     [m  +  Y +y  (m,  Y)]2 

value   either  integral  or  one  of  the  numbers  1'5,  2*5,  3'5,  etc.,   and  m  has  successive 
integral  values,  each  one  giving  the  frequency  of  a  member  of  the  series. 
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The  curves  for  these  results  are  shown  in  fig.  2.     It  should  be  noted  that 
the  intensities  lie  on  curves  which  resemble  the  ordinary  energy  curves,  in 
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FIG.  2. 

that  they  are  steeper  on  the  short-wave  side,  and  the  increase  in  energy  is 
quite  clearly  relatively  greater  in  the  shorter  wave-lengths.  The  lack  of 
lent  points  on  the  curve  prevented  the  necessary  accuracy  for  determin- 
ing whether  the  maximum  intensity  shifts  to  the  shorter  wave-lengths  for 
increase  in  temperature.  If  this  were  so  then  the  analogy  to  the  energy 
curve  would  be  complete.  It  is  interesting  to  note  that  the  distribution  of 
energy  is  governed  by  the  actual  wave-lengths  of  the  lines  and  not  by  the 
order  in  which  they  occur  in  the  series;  i.e.,  although  the  first  member 
of  the  series  is  X  =  1*014/4  and  the  second  is  X  =  1*357/4,  the  lines  are 
distributed  along  the  energy  curve,  not  in  this  inverted  order.  l«ut  in  the 
order  of  their  wave-lengths. 

For  the  second  part  of  the  investigation  the  current  in  the  lamp  was 
kept  constant  at  3*2  amperes,  and  the  voltage  was  varied  so  as  to  give  an 
energy  consumption  in  the  lump  which  ranged  from  150  to  250  watts. 
For  each  of  the  applied  voltages  the  intensity  was  measured  on  tin-  line 
1*014 /i  and  on  0*5461  j*  by  the  method  described  above.  The  results 
are  given  Table  below,  the  first  column  gives  the  energy  consumption 

in  watts,  in  the  second  column  Ii  represents  the  intensity  of  the  line  0*5461  /u, 
:in«l  I.,  in  tli''  thinl  column  gives  tin*  intensity  of  the  line  1  •014/4.  The 
fourth  represents  the  ratio  of  the  two  intensities  in  each  case. 

b  2 
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Energy. 

II. 

I2. 

Wi. 

watts. 

150 

18 

23 

1-28 

215 

28 

40 

1-43 

250 

40 

84 

2-10 

It  will  be  noted  from  the  last  column  that  the  relative  intensity  of  the 
line  r014/A  to  that  of  the  line  0*5461 /A  increases  regularly  with  increase 
in  energy  consumption,  or  in  other  words,  with  increase  in  vapour-pressure  in 
the  lamp.  In  all  measurements  with  this  lamp  the  line  1*014  /JL  always 
appeared  to  be  the  more  intense. 

II.  ABSORPTION  BY  MERCURY  VAPOUR. 

As  far  as  the  author  has  been  able  to  ascertain  there  has  been  no  work 
done  by  previous  investigators  on  the  selective  absorption  by  non-luminous 
mercury  vapour  in  the  infra-red  region.  It  was  at  first  intended  to  pass 
the  light  from  a  mercury  arc  through  a  layer  of  the  vapour  and  examine  the 
emergent  radiation  to  find  whether  any  of  the  lines  in  the  infra-red  spectrum 
were  extinguished.  This  method  was  abandoned,  however,  and  the  radiation 
from  a  Nernst  glower  was  used  instead  of  that  from  a  mercury  arc.  The 
principal  advantages  in  this  were  the  greater  steadiness  in  the  radiation 
secured,  and  the  fact  that  a  continuous  spectrum  was  produced  in  which 
absorption  bands  would  take  the  form  of  depressions. 

Apparatus. 

The  apparatus  used  for  these  measurements  was  similar  to  that  used  in 
the  previous  work.  The  spectrometer,  thermopile,  and  galvanometer  were 
unchanged,  and  the  mercury  lamp  was  replaced  by  the  Nernst  glower  and 
the  absorption  cell.  The  latter  is  shown  in  section  in  fig.  3.  It  is  made 
entirely  of  fused  quartz,  is  about  6  cm.  long  and  3  cm.  in  diameter,  with  a 
small  reservoir  (C)  for  the  mercury  underneath.  The  ends  were  formed 
of  two  circular  plates  of  clear  fused  quartz  which  transmitted  the  visible 
light  with  very  little  diffusion.  A  small  tube  (D)  at  the  top  served  to 
connect  the  cell  with  an  exhaust  pump.  The  reservoir  was  first  filled  with 
clean  dry  mercury,  which  was  boiled  to  eliminate  all  traces  of  water- vapour, 
and  the  cell  was  then  exhausted  to  a  pressure  of  a  few  millimetres  of 
mercury  and  sealed  off. 

When  in  use  the  cell  was  heated  by  means  of  an  electric  current  applied 
to  the  walls  of  the  reservoir  and  tube,  temperatures  as  high  as  190°  C.  being 
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used.      In  order  to  obtain  uniform  temperature  and  hence  constant  vapour 
density,  the  cell  was  placed  in  a  box  and  packed  in  powdered  magnesia.     The 

A 


ends  were  kept  clear  for  the  transmission  of  the  radiation  by  means  of  two 
brass  tubes  projecting  it  from  the  sides  of  the  box,  as  shown  at  BB.  It  was 
found  that  on  account  of  the  radiation  through  these  tubes,  and  the  conse- 
quent lowering  of  the  temperature  at  the  ends  of  the  cell,  the  mercury 
vapour  immediately  condensed  on  the  end  plates,  thus  cutting  off  tin1 
radiation  very  considerably.  This  difficulty  was  overcome  by  putting  a 
single  turn  of  wire  against  each  plate  from  the  outside  (AA),  and  passing  a 
current  through  these  wires  of  sufficient  strength  to  maintain  the  plates  at  a 
slightly  higher  temperature  than  the  rest  of  the  cell. 

The  light  from  the  Nernst  glower  was  first  focussed  on  the  slit  of  the 
spectrometer  by  means  of  a  quartz  lens ;  then  the  cell  and  its  containing  box 
was  placed  in  such  a  position  that  the  radiation  from  the  Nernst  glower  had 
to  pass  through  the  cell  before  falling  on  the  lens. 

After  all  the  readings  had  been  taken,  the  absorption  cell  was  replaced  by 
a  plate  of  clear  fused  quartz  similar  to  those  forming  the  ends  of  the  cell 
'I'll--  intensity  of  the  radiation  was  cut  down  by  means  of  a  diaphragm  of 
Bristol  board  having  a  small  hole  cut  in  the  centre,  in  order  to  mak«  tin- 
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galvanometer  deflections  comparable  with  those  obtained  when  using  the  cell. 
Readings  were  taken  over  the  spectrum  with  this  arrangement  so  as  to  find 
out  whether  any  of  the  observed  absorption  bands  might  be  due  to  absorption 
by  the  quartz  itself. 

RESULTS. 

The  range  of  wave-lengths  studied  was  from  TOO//,  to  1/20 /i,  and  this 
region  was  investigated  very  thoroughly.  A  great  number  of  readings  were 
necessary  on  each  wave-length  to  obtain  a  satisfactory  curve,  and  each  set  of 
readings  was  repeated  over  a  period  of  several  months.  The  necessity  for 
this  lies  in  the  unsteadiness  of  the  zero  point  in  reading  the  galvanometer 
deflections,  which  was  due  to  the  combined  effects  of  local  magnetic  disturb- 
ances on  the  galvanometer  and  stray  air-currents  on  the  thermopile.  Despite 
these  difficulties  it  was  found  that  certain  well-defined  depressions  occurred 
in  every  set  of  readings,  while  others  were  obtained  which  were  not  so  well 
defined,  sometimes  appearing  quite  strong  and  at  other  times  being  scarcely 
detectable. 

In  the  following  Table  are  given  all  the  wave-lengths  at  which  absorption 
bands  were  observed  and  the  characteristics  of  each  one.  The  wave-lengths  of 
the  emission  lines  as  recorded  in  our  previous  paper  are  given  for  purposes  of 
comparison. 


Emission. 

Absorption. 

Character  of  absorption. 

1-014 

1-014 

Strong,  well-marked. 

1-038 

1-038 

Very  weak,  doubtful. 

1-067 

1-OH5 

Moderately  strong. 

1-090 

1-089 

Weak. 

1-128 

1-129 

Strong. 

1-170 

1-160 

Moderate. 

1-205 

1-20 

Strong. 

The  temperatures  used  varied  from  140°  C.  to  190°  C.,  and  an  attempt  was 
made  to  show  that  the  strength  of  the  weaker  bands  was  dependent  on  the 
vapour- pressure  within  the  absorption  cell.  But  within  the  limits  of  these 
temperatures  the  results  were  entirely  negative.  Readings  were  then  taken 
with  the  cell  at  the  temperature  of  the  room,  about  20°  C.,  and  the  resultant 
curves  gave  all  the  absorption  bands  as  doubtful  except  those  at  1-014/&  and 
1'20/z,  absorption  being  quite  distinct  on  both  of  these  wave-lengths. 

The  final  readings  were  taken,  as  described  above,  with  a  plate  of  clear 
quartz  in  the  path  of  the  radiation  in  place  of  the  absorption  cell.  Readings 
were  taken  over  the  same  range  of  wave-lengths  and  a  smooth  curve  was 
obtained  with  no  evidences  of  any  characteristic  absorption  bands. 
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Some  of  the  results  are  shown  in  the  accompanying  diagrams.  Fig.  4 
shows  the  band  at  1*129  /*;  figs.  5a  and  5b  show  the  band  at  1*014 /A  for 
temperatures  180°  and  20°  respectively ;  while  figs.  6a  and  6ft  represent  the 
band  at  1*20  fi  for  the  same  respective  temperatures.  It  will  be  noted  that 
neither  fig.  5a  nor  fig.  5b  shows  any  trace  of  the  band  at  1*038  /JL. 
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FIG.  4. 

DISCUSSION  OF  RESULTS. 

A  study  of  the  list  of  absorption  bands  given  above  shows  that  at  least 
some  evidences  of  absorption  were  found  on  every  wave-length  for  which 
there  is  an  emission  line  in  the  spectrum  of  the  mercury  arc.  The  only 
anomalous  result  is  the  band  at  1*160  /A  instead  of  at  1*170 /A.  That  this  is 
not  an  error  in  the  readings  is  shown  by  the  fact  that  the  band  appeared 
quite  definitely  at  wave-length  1*160  /A  in  practically  every  set  of  readings. 
Three  of  the  bands  are  given  in  the  Table  as  being  strong  and  well  defined, 
namely,  those  at  1*014 /A,  1*129  /A,  and  1*20 /A.  If  we  take  the  corresponding 
emission  lines  we  find  that  the  line  at  1*014 /A  is  the  most  intense  in  the 
whole  mercury  spectrum  ;  the  one  at  1128 /A  ranks  next  in  intensity  to  the 
line  1*014 /A  in  the  infra-red  portion  of  the  spectrum  ;  while  the  emission  line 
at  1*205 /A  is  only  very  weak  in  intensity.  We  also  find  in  regard  to  these 
lines  that  1*014  /A  is  the  first  line  of  the  main  series  of  single  1 
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n  =  (2-5,  S)— (ra,  P) ;  while  the  line  T205  p  is  given  by  Paschen*  as  the  first 
line  of  the  combination  series  n  =  (2,  P)— (m,  s)  and  also  as  the  first  line  of 
a  second  combination  series  n  =  (T5,  s)— (m,  P). 

This  is  quite  significant  in  view  of  the  fact  that  the  absorption  bands  at 
1-014  fi  and  at  T20  /z  appeared  when  the  temperature  in  the  cell  was  as  low 
as  20°  C.,  that  is,  with  very  small  vapour-pressure.  It  is  hence  quite 


Absorption  band 
at  i 


0-98 


i«oo  I-OZ 

Wave -length    in  jju 

FIG.  5A. 


1-04 


justifiable  to  say  that  absorption  takes  place  most  readily  on  these  two  lines 
and  this  gives  a  greater  theoretical  importance  to  the  series  of  which  these 
are  the  first  members.  It  is  probable  that  the  series  n  =  (1*5,  s)—(m,  P)  is 
the  important  one  in  connection  with  the  line  of  longer  wave-length  on  account 
of  its  close  relationship  to  the  series  n  =  (2'5,  S)— (m,  P),  of  which  1'014  yu,  is 
the  first  member. 


F.  Paschen,  'Ann.  d.  Phys.,'  vol.  35,  p.  869  (1911). 
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E.  W.  Wood*  and  McLennan  and  Edwardsf  have  shown  that  there  is  ab- 
sorption by  non-luininous  mercury  vapour  at  wave-lengths  2536  A.U.,  2338  A.U., 
and  1849  A.U.  Of  these,  the  corresponding  emission  line  at  2536  A.U. 
is  the  first  member  of  Paschen's  combination  series  n  =  (2,  p^-^m,  S); 
while  the  line  at  1849  A.U.  is  the  first  member  of  the  principal  single-lino 
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series  n  =  (1-5,  S)—  (m,  P).  Thus  we  have  four  well  marked  frequencies  asso- 
ciated with  the  mercury  atom,  tw..  in  tlm  infra-red  and  two  in  the  ultra- 
violet, each  of  which  is  the  first  member  of  a  series  in  the  spectrum  of  the 

nv  arc. 
The  line  at  -     •>  A.U.  is  the  one  which  appears  in  the  single-line  spectrum 


W.  Wood,  «  Physical  O; 
t  McLennan  and  Edwards,  '  Proc.  Roy.  Soc.,  Canada,1  1915. 
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of  mercury,  as  given  by  Frank  and  Hertz*  and  by  McLennan  and  Henderson.f 
It  is  possible  that  one  of  these  infra-red  lines  may  also  appear  in   this 

*  Frank  and  Hertz,  *  Verb.  d.  Deutsch.  Phys.  Ges.,'  vol.  11,  p.  512  (1914). 
t  McLennan  and  Henderson,  *  Koy.  Soc.  Proc.,'  vol.  91,  p.  485  (1915). 
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spectrum,  but  it  is  difficult  to  see  how  its  presence  could  be  detected,  as  the 
intensity  of  the  line  2536  A.U.  is  so  small  as  to  require  an  exposure  of  at 
least  one  hour  in  order  to  produce  an  impression  on  a  photographic  plate. 
It  has  recently  been  shown  by  Prof.  McLennan  and  Mr.  A,  Thomson  that 
*ame  line  is  given  out  by  mercury  vapour  in  a  Bunsen  flame,  and  an 
attempt  was  made  to  see  if  the  radiation  of  wave-length  X  =  1-014  p,  could 
be  detected  as  well  from  such  a  source.  The  experiments,  however,  failed  to 
reveal  any  indication  of  the  emission  of  such  radiation. 

SUMMARY  OF  RESULTS. 
1.  Emission. 

1.  It  has  been  established  that  the  relative  intensities  of  the  lines  in  an 
individual  series  lie  along  a  curve  analogous  to  an  energy  curve,  not  only  in 

region  of  short  waves,   but  also  in   the  long-wave   region  beyond  the 
maximum  of  the  energy  curve. 

2.  The  intensities    of  the  series  lines  become  relatively  greater  in  the 
shorter  wave-lengths  with  increase  in  temperature. 

3.  For  the  two  lines,  1'014/i  and  O'5461/i,  which  do  not  belong  to  the 
same  series,  the  intensity  of  the  former  becomes  relatively  greater  for  higher 
temperatures  and  increased  vapour-pressures,  although   it  is  the  line  of 
longer  wave-length. 

'2.  Absorption. 

1.  Evidences  of  absorption    have  been  found  with  each  wave-length  for 
which  there  is  an  emission  line  in  the  mercury  spectrum  between  1*00 /*  and 
'/*• 
strong  absorption  was  obtained  on  wave-lengths  1-014 /*,  1-129/x,  and 

l-L'0/4. 

on  was  obtained  at  wave-lengths  1'014/i  and  1-20/4,  with  very 
low  vapour-pressure. 

It  has  been  shown  that  these  two  wave-lengths  correspond  to  the  first 
members  of  the  series  v  =  (2-5,  S)-< ///,  p),  and  (1-5,  «)—(//>.  P),  respectively 

In  conclusion,   the  autl  ies   to  acknowledge   his  indebtedness  to 

•i.C.  McLennan  for  suggesting  the  investigation,  and  for  his   kind 
direction  and  helpful  suggestions  through  its  progress. 
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Emission  and  Absorjttion  in  the  Infra-red  Spectra  of  Mercury, 

/  >tc,  and  Cadmium. 
By  RAYMOND  C.  DKARLE,  M.A.,  University  of  Toronto. 

(Communicated  by  Prof.  J.  C.  McLennan,  F.R.S.     Received  October  24,  1918.) 

Introduction. 

In  a  previous  paper*  the  writer  pointed  out  that  well-marked  absorption 
bands  exist  iii  the  infra-red  region  of  the  spectrum  caused  by  passing  white 
light  through  non-luminous  mercury  vapour.  These  bands  occur  at  X  1'014, 
X  1-129,  and  X  1-205,  the  first  and  third  of  these  being  especially  strong. 
This  investigation  has  since  been  extended  further  into  the  infra-red  with 
mercury  vapour,  and  it  has  also  been  repeated  with  the  vapours  of  zinc  and 
cadmium  in  place  of  that  of  mercury.  The  results  serve  to  establish  at  least 
a  partial  parallelism  in  the  behaviour  of  the  three  metals,  the  resemblance 
being  most  marked  in  the  region  of  the  first  line  of  the  series  represented  by 
v  =  (2'5,  S)  —  (MI,  P),  at  which  wave-length  absorption  takes  place  in  the  case 
of  all  three  metals  with  extremely  small  vapour-pressure. 

<  )n  account  of  the  ease  with  which  the  wave-length  corresponding  to 
v  =  (2*5,  S)—  (ra,  P)  was  absorbed,  it  was  suspected  that  it  should  be  emitted 
under  electronic  bombardment.  At  the  suggestion  of  Prof.  McLennan  an 
investigation  was  undertaken  with  HK-K  my  vapour,  in  order  to  determine  the 
speed  which  electrons  must  be  given  in  order  to  stimulate  emission  of  the 
wave-length  X  1-014  If  we  apply  the  quantum  relation  Ve  =  hv  to  the 
frequency  of  this  wave-length,  we  get  V  =  1-iM  volts.  In  the  experiments 
which  will  be  described  herein,  the  wave-length  X  1-014  was  actually  emitted 
with  a  voltage  as  low  as  5  volts.  There  were  strong  indications  that  even  a 
lower  voltage  would  suffice  to  stimulate  emission  of  the  wave-length,  but 
under  the  conditions  of  the  experiment  the  radiations  of  this  wave-length 
emitted  were  reabsorbed  by  the  i  tyers  of  mercury  vaj> 


I    ABSORPTION. 

The  absorption  spectra  were  examined  by  two  methods.    For  the  region  up 

he  spectrum  was  photographed  on  specially  sensitised  plates. 

Above  this  wave-length  the  energy  in   the  lines  of    the  spectrum   was 

measured  by  means  of  a  linear  thermopile  and  sensitive  galvanometer. 

With  tins  :,.:  <•<],  the  light  from  the  source,  after  passing  through  the 

•oarle,  •  Roy.  Soc.  Proc./  A,  rol.  92,  p.  606  (1916). 
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metallic  vapour,  was  passed  into  a  mirror  spectrometer,  fitted  with  a  rock- 
salt  prism,  which  focused  the  rays  upon  the  thermopile.  For  the  photography 
of  the  spectrum  the  light  from  the  source  was  sent  through  the  metallic 
vapour,  and  then  focused  upon  the  slit  of  a  multiple  prism  spectrograph. 
The  apparatus  used  in  these  two  methods  will  now  be  described  in  detail. 

Sources  of  Light. 

The  source  of  radiation  used  in  the  photographic  method  was  a  mercury 
amalgam  lamp  of  the  Heraeus  type,  the  amalgam  consisting  of  about  60  per 
cent,  mercury,  20  per  cent,  lead,  20  per  cent,  bismuth,  J  per  cent,  zinc,  J  per 
cent,  cadmium.  This  was  run  on  the  110  volt  B.C.  circuit  with  a  current  of 
about  3  amperes.  The  spectrum  of  this  lamp  was  found  to  be  very  rich  in 
red  lines,  and  thus  formed  a  very  suitable  source  for  the  detection  of  absorp- 
tion bands. 

In  some  cases  the  arc  of  the  metal  in  a  vacuum  tube  was  used  as  a  source. 
This  arc  was  of  the  type  described  by  Saunders,*  and  gave  a  very  brilliant 
spectrum.  • 

For  the  energy  measurements  a  100-volt  Nernst  glower  was  used.  This 
gave  a  continuous  energy  curve  of  strong  intensity  in  the  region  of  the  infra- 
red rays.  On  account  of  its  strong  intensity,  the  spectrometer  slits  could  be 
narrowed  down  so  as  to  give  very  sharp  absorption  bands. 

The  Absorption  Cells. 

The  absorption  cells  were  of  the  form  shown  in  fig.  1.  They  were  con- 
structed of  fused  quartz  with  end  plates  of  clear  fused  quartz.  For  the 
mercury  cell  a  small  quantity  of  dry  distilled  mercury  was  placed  in  the  cell, 
and  the  latter  was  then  highly  exhausted  and  sealed  off.  With  zinc  and 
cadmium  the  metals  were  placed  in  a  long  narrow  tube  of  fused  quartz, 
which  was  sealed  on  to  the  absorption  cell  as  shown  in  fig.  2.  The  whole 
was  highly  exhausted,  and  then  the  side  tube  was  raised  to  a  red  heat  so  as 
to  distil  the  metal  over  into  the  cell.  The  side  tube  was  then  sealed  off,  and 
the  cell  was  sealed  from  the  pump.  With  all  the  cells,  strong  heat  was 
applied  during  the  process  of  exhaustion  so  as  to  eliminate  all  traces  of  water 
vapour.  In  the  experiments  with  cadmium  iodide  about  one-tenth  of  a 
gramme  of  cadmium  iodide  was  placed  in  a  straight  tube  of  clear  quartz  about 
three  inches  long,  which  was  exhausted  and  sealed  off. 

The  absorption  cell  was  heated  in  all  cases  by  means  of  an  electric  circuit 
of  nichrome  wire  with  a  current  of  6  to  7  amperes.  The  circuit  was  made 

*  F.  Saunders,  « Astrophys.  Jour.,'  40,  vol.  4,  p.  377  (1914). 
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up  nf  two  parts  joined  in  series;    the  portion  enveloping  the  longitudinal 
portion  of  the  cell  and  the  enu  plates  consisted  of  finer  wire  than  was  used 


Fio.  l. 


Fio.  2. 


to  heat  the  reservoir.  By  this  means  the  end  plates  were  kept  clear  of  the 
condensed  metal,  which  is  an  important  point  in  taking  energy  measurements. 
With  this  arrangement,  temperatures  ranging  from  200°  to  300°  were  easily 
obtainable. 

Spectrographic  Arrangements. 

For  the  energy  measurements  a  mirror  spectrometer  was  used  in  con- 
junction with  a  Rubens  linear  thermopile  and  sensitive  Paschen  galvano- 
meter. The  thermopile  was  of  the  general  form  used  in  the  previous  work, 
but  was  of  an  improved  type  recently  put  upon  the  market  by  A.  Hilger  and 

!>any,  in  which  the  cold  junctions  are  each  protected  from  stray  radia- 
tions by  a  small  metallic  shield  coated  with  lamp  black,  only  the  warm 
junctions  being  exposed  to  radiations.  For  details  of  the  spectrometer,  the 
reader  is  referred  to  the  full  description  published  in  previous  papers.*  ! 

work  a  long  brass  rod  was  attached  to  the  wave-length  drum,  and  passed 
through  the  outer  case,  so  that  the  drum  could  be  rotated  from  a  con- 
able  distance.     A  telescope  and  mirror  were  so  arranged  that  readings  «•• 
(hum   could  also  be   viewed   through  a  window  without  approaching  th«« 
apparatus,  a  small  2-volt   lamp  being  used  to  illuminate  the  scale  when 
necessary.     By  this  means  local  disturbances  affecting  the  stability  of  the 
zero  wen*  inii.imi  •••!.     Th»-  IL'lii   ir»m  the  source,  after  passing  throng 

rption  cell,  was  focused  on  the  slit  <>f  the  spectrometer  by  means  of  a 

iv.  •  miii"!.  v  .In.  h  was  heavily  silvered  on  its  face  and  "lished. 


*  .)  man  and  R  ('.  Pearl.  .     Phil.  Mag./  XXX,  p.  686  (1915). 
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Photographs  of  the  region  up  to  X  8500  A.  were  made  with  a  uviol  glass 
spectrograph  fitted  with  a  train  of  five  prisms.  This  gave  excellent  disper- 
sion in  the  long-wave  region  of  the  spectroscope. 

The  Photographic  Plates. 

Various  plates  and  dyes  were  used  in  an  effort  to  reach  the  maximum 
distance  into  the  infra-red  region,  but  the  most  satisfactory  results  were 
obtained  with  Wratten  and  Wainwright  panchromatic  plates  when  dyed  with 
alizarin  blue  and  nigrosin,  according  to  the  formula  given  by  Higgs*  and  by 
Lehmann.f  By  this  formula  the  plates  are  dyed  with  the  following 
solution  : — 

Alizarin  blue  "S"     10  mg. 

Nigrosin     5  mg. 

Ammonia  (cone.)  200  c.c. 

Silver  nitrate  (10  per  cent.) 1-2  drops. 

Dist.  water     200  c.c. 

The  dyestuffs  were  dissolved  in  the  water  in  the  dark,  and  stirred 
vigorously  for  about  two  minutes.  Then  the  ammonia  was  added,  and  the 
solution  allowed  to  stand  for  about  fifteen  minutes,  after  which  it  should  be 
pure  blue.  The  silver  nitrate  was  then  added,  the  solution  was  strongly 
stirred,  and  then  poured  over  the  plates  in  a  shallow  dish.  The  solution  was 
kept  in  motion  over  the  plates  for  seven  or  eight  minutes.  The  latter  were 
then  taken  out,  rubbed  dry  on  the  glass  side,  and  dried  as  quickly  as  possible 
by  standing  them  in  a  rack  over  a  dish  of  concentrated  sulphuric  acid.  With 
these  plates  it  was  possible  to  photograph  the  lines  of  the  spectrum  up  to 
X  8000  A.,  and  with  good  intensity  even  as  far  as  \  8500  A. 

* 

Accuracy  of  Measurements. 

In  making  energy  measurements  which  require  a  high  degree  of  sensitive- 
ness, a  great  many  sources  of  error  are  introduced.  Chief  among  these  are 
the  drifting  of  the  zero  point,  owing  to  slight  convection  currents,  and  also 
the  effect  of  magnetic  disturbances  upon  the  galvanometer.  The  latter  can 
be  largely  eliminated  by  means  of  soft  iron  shields  surrounding  the  galvano- 
meter, but  these  reduce  the  sensitiveness  of  the  instrument  to  a  great  extent, 
and  are  extremely  difficult  to  adjust  properly.  CoblenzJ  has  succeeded  in 
arranging  a  series  of  shields  about  a  galvanometer  so  as  to  reduce  the 

*  G.  Higgs,  '  Roy.  Soc.  Proc.,'  vol.  49,  pp.  345-46  (1891). 
t  H.  Lehmann,  '  Ann.  d.  Phys.,'  vol.  5,  p.  633  (1901). 

J  G.  Coblenz,  'Bulletin  of  the  Bureau  of  Standards/  Washington,  13,  vol.  3,  p.  423 
(1916). 
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magnetic  disturbances  practically  to  zero.  In  the  present  work  no  shields 
were  used,  but  the  galvanometer  errors  were  accounted  for  as  far  as  possible 
in  the  final  results.  To  minimise  the  effect  of  convection  currents  upon  the 
iopile,  the  spectrometer  was  enclosed  within  a  wooden  box,  which  was 
packed  with  cotton  waste.  An  opening  was  provided  over  the  slit  which  was 
ordinarily  closed  by  a  shutter.  The  wa\  h  scale  could  be  viewed 

through  a  glass  window  which  was  let  into  the  side,  and  all  readings  were 
taken  from  a  considerable  distance  as  described  above.  In  taking  a  reading, 
the  drum  was  set  at  the  desired  wave-length,  and  the  position  of  the  spot  of 
light  on  the  scale  was  recorded.  The  shutter  was  then  opened  immediately, 
and  held  open  until  the  deflection  was  recorded,  and  then  the  shutter  was 
immediately  closed  again.  The  final  position  of  the  light  on  the  scale  was 
recorded  in  a  third  column,  and  the  average  of  the  right-  and  left-hand 
deflections  was  taken  to  eliminate  the  effect  of  zero  drift.  This  was  repeated 
four  or  five  times,  and  the  mean  of  the  concordant  results  was  taken  to  be  the 
tun-  reading  for  the  wave-length  in  question.  Any  of  the  readings  which 
rni^ht  be  considered  on  inspection  to  be  at  variance  with  the  majority  of  the 
others  was  attributed  to  external  disturbances  and  was  consequently  rejected. 
An  example  of  this  is  given  in  Table  I,  which  is  a  set  of  readings  taken  with 
a  cadmium  cell  which  showed  absorption  at  X  1*127. 

The  prism  of  the  spectrometer  was  set  as  accurately  as  possible  by  obser- 
vation on  lines  in  the  visible  spectrum.  For  the  reduction  of  the  errors  in 
the  wave-lengths  given  on  the  scale  according  to  this  setting  of  the  prism, 
a  correction  curve  was  drawn  up  and  applied  to  all  the  final  readings.  The 
1  .nil as  of  reference  chosen  for  calibration  were  the  strong  mercury  line  at 
X  1-014,  and  the  CO?  emission  band  in  the  Bunsen  flame  at  X  4*4.  Three  obser- 
vations upon  the  latter  gave  the  values 

X  4-270 
4-270 
4*264 

Mwm  .  4-268 

i  mediate  values  were  plotted  from  the  dispersion  of  rook  salt,  as  indicated 
by  the  calibration  <>f  the  spectrometer. 

With  the  photographic  method  the  wave-lengths  were  measured  by  com- 
parison with  th.    interference  pattern  produced  by  two  half-  glass 
t  •:  mula  for  these  measurements 


\x,    xj 
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where  n  is  the  number  of  interference  fringes  between  two  lines,  the  wave- 
lengths of  which  are  given  by  \\  and  X3,  and  2  d  represents  twice  the  distance 
between  the  plates.  The  value  of  the  latter  was  determined  by  measure- 
ment on  two  lines  of  known  wave-lengths,  the  mercury  lines  XX  5460*97  A. 
and  6963*7  A.  being  used  for  this  purpose.  All  measurements  were  made 
with  a  micrometer  microscope. 

Table  I. 


Wave-lengths 

=  A  (M). 

Deflection. 

Right. 

Left. 

Mean. 

Final. 

C 

40 

44 

42-0* 

N 

38 

39 

38-6 

1-10       •{ 

38 

34 

36-0 

•     37-0 

34 

37 

35-5 

I 

38 

38 

38-0 

- 

( 

39 

47 

43-0 

-« 

45 

43 

44-0 

I'll       4 

41 

42 

41-5 

•     43-0 

1 

36 

38 

37  -0* 

49 

38 

43-6 

- 

{ 

40 

44 

42-0 

I 

44 

42 

43'0 

1-12       \ 

46 

40 

43'0 

Y     42'4 

] 

43 

43 

43-0 

[ 

I 

35 

47 

41-0 

} 

f 

46 
39 

39 
38 

42-5 

38-5* 

> 

1-13       <{ 

41 

45 

43-0 

•     43-0 

1 

42 

43 

42-5 

I 

45 

43 

44*0 

j 

1-14       « 

43 
45 

58 

45 
49 
37 

44-0* 
47*0 
47-5 

Y     46'8 

45 

52 

48-5 

- 

55 

54 

54-5* 

J 

f 

53 

50 

51-5 

N 

49 

51 

50-0 

1  -15       4 

45 

43 

44-0* 

•     50'8 

1 

53 

47 

50-0 

50 

48 

49-0 

- 

*  Eejected. 

Results. 
i.  Mercury. 

Energy  measurements  were  made  in  the  region  from  X  1*2  to  X  1*5,  the 
only  absorption  band  observed  being  a  moderately  strong  one  at  X  1*359 
(fig  3),  the  curve  being  plotted  with  uncorrected  wave-lengths  as  abscissae. 
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Using  the  photographic  method  110  evidence  of  absorption  was  obtained  up 
to  the  limit  of  sensitiveness  of  the  plates.     Photographs  were  taken  using  a 
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FIG.  3. 
(N.B. — The  abscissae  values  in  these  diagrams  are  uncorrected.) 

Xernst  glower  as  source,  and  also  with  a  quartz  mercury   arc  as  s<> 
Successive  exposures  were  also  taken  with  gradually  increasing  temperatures 
up  to  the  point  where  the  mercury  contained  in  the  cell  commenced  to  boil. 

The  complete  list  of  absorption  bands  in  the  infra-red  region  for  mercury 
up  to  wave-length  \  1*6  is  given  below  with  the  corresponding  emission  linr> 

in  the  arc  spectrum. 

Table  II. 


EmiMion. 

Absorption. 

Character  of  absorption. 

A  1  014 
1*088 
1-087 
<90 
1   138 
1    170 

1-867 

XI  -014 
1-088 
>(J6 

1      MS'.* 

1   129 
1  -160 
I   207 
1  869 

Strong. 

Uotartt, 

Moderate. 

Strong. 

Mocirrntr. 

Strong. 
Strong. 

satisfactory  ivsuii  btained  •  rapoui  tli.m  \\iili  :m\  of 

the  othera.     It  was  found  that   tin-  /UP   had  a  greater  tendency  to  condense 
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on  the  faces  of  the  cell  and  thus  interfere  with  the  energy  measurements. 
No  absorption  was  observed  until  the  temperature  of  the  vapour  was  raised 
at  least  to  275°  C.  At  this  temperature  absorption  was  observed  at  X  1/105, 
quite  a  deep  depression  being  formed  in  the  energy  curve  (fig.  4).  In  the 
longer  wave-lengths  it  was  difficult  to  obtain  truly  concordant  results,  but 
evidences  of  absorption  were  obtained  at  wave-lengths  XX  1*379,  T41,  1*57, 
and  1*65.  Table  III  shows  these  wave-lengths,  compared  with  the  emission 
lines  of  the  zinc  arc  in  this  region  as  given  by  Paschen.* 


72 


1-04  1-06  1-08 

Wave  Length  in  // 

FIG.  4. 
*  F.  Paschen,  '  Ann.  d.  Phys.,'  vol.  29.  p.  625  (1909). 
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Table  III.                  


26 


0-96 


A   1 


•3784 
•3792 
•4089 
•5682 
•6483 


MO 

150 

00 

10 

•2\\ 
15 

50 

» 

50 

100 


1  -41 
1-57 

1-65 


098  100 

Wave  Length 
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iii.  Cadmium. 

With  cadmium  vapour,  absorption  was  obtained  very  readily  on  the  wave- 
length X  1-040,  which  is  the  first  line  of  the  series  v  =  (2*5,  S)— (m,  P).  A 
second  strong  absorption  band  was  observed  at  wave-length  X  T503.  There 
is  no  recorded  emission  line  at  this  wave-length  in  the  spectrum  of  the 
cadmium  arc,  but  there  is  a  strong  line  given  by  Paschen*  at  X  1-5154,  which 
is  the  second  member  of  the  above  series.  Less  marked  absorption  was  also 
recorded  at  wave-lengths  XX  1-129,  1*395,  1-4475,  1-522,  and  1'563.  The 
energy  curves  for  the  absorption  bands  at  XX  1*040  and  1*503  are  shown  in 
figs.  5  and  6  respectively.  In  fig.  6  the  curve  is  plotted  with  the  uncorrected 
ralues  of  the  wave-lengths  as  abscissae. 
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The  complete  list  of  emission  lines  and  absorption  bands  in  this  region 
is  given  in  Table  IV,  Paschen's  figures  being  used  for  the  emission  lines. 

*  V:  Ta.sclien,  loc.  cit. 
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Table  IV. 


Emission. 

<sity. 

Absorption. 

Character. 

A  1-0396 

KM 

Al-040 

8tron«. 

1268 

26 

1    129 

Moder.tr. 

1630 

II 

3981 

100 

1  895 

Mo*n*i 

•4329 

90 

•4364 

8 

•4475 

66 

1  -147 

Moderate. 

•4853 

36 

•6166 

110 

i  •;><»;< 

Strong. 

•5258 

7 

1*522 

Weak. 

•5713 

60 

1-663 

Moderate. 

•6401 

30 

•6433 

60 

•6482 

100 

• 

With  the  photographic  method  one  plate  was  obtained  which  recorded  an 
absorption  band  at  X  6977*4  A.  In  spite  of  repeated  attempts,  however,  i  Ms 
result  could  not  be  duplicated. 

iv.  Cadmium  Iodide. 

Some  absorption  experiments  were  also  carried  out  with  a  quartz  cell 
containing  cadmium  iodide,  constructed  as  described  above.  Photographs 
were  first  taken  using  an  amalgam  arc  lamp  as  source.  It  was  found  that 
in  the  visible  and  ultra-violet  regions  there  was  no  absorption  for  com- 
paratively low  temperatures  of  the  absorption  cell,  but  as  the  current  1 1  trough 
the  heating  coil  was  increased,  a  broad  absorption  band  was  observed  v 
extended  from  the  limit  of  the  ultra- violet  end  of  the  spectrum  up  to  a 
wave-length  of  about  X  4000  A.  Several  attempts  were  made  to  obtain  a 
photograph  just  at  the  temperature  of  dissociation  m  order  to  see  if  there 
was  any  selective  absorption  at  wave-lengths  which  are  characteristic  of  the 
cadmium  spectrum,  particularly  at  wave-length  X  3261  A.  No  success  was 
obtained  in  this  direction  until  the  plan  was  adopted  of  increasing  gradually 
the  temperature  of  the  absorption  cell,  at  the  same  time  giving  the  photo- 
graphic plate  a  slow  continuous  vertical  nmt  |.\  !  means  the  lines  of 
the  spectrum  were  exU-ndud  longitudinally,  and  a  record  was  obtained  of  the 
spectrum  at  the  exact  temperature  when  the  cadmium  iodide  vapour  became 
dissociated.  As  far  as  could  be  observed  the  cadmium  line  at  X3261  A. 
was  not  absorbed  before  it  was  enveloped  by  the  general  absorption  band 
mentioned  above.  The  region  about  wave-length  X3261  A.  was  also 
photographed  with  a  uvial  mnltipriam  apeel  win.  h  •  u»d  ware- 
length-  d'.wn  to  al>out  X3250  A.,  .ilth«.ui_'h  \\nli  diminished  intcn 
In  tl  no  trace  of  absorption  at  X  3261  A.  was  observed. 
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Using  the  same  spectrograph  and  plates,  specially  sensitised  for  the  infra- 
red, a  series  of  photographs  was  taken  with  gradually  increasing  tempera- 
ture of  the  absorption  cell  It  was  clear  that  this  temperature  was  above 
that  necessary  for  dissociation  since  the  upper  limit  of  the  broad  absorption 
band  was  plainly  visible  at  the  right-hand  side  of  the  plates.  However,  in 
the  longer  wave-lengths  no  absorption  was  visible  at  wave-lengths  charac- 
teristic of  the  cadmium  spectrum. 

Energy  measurements  made  in  the  long  wave  region  above  X  1-0  showed 
the  presence  of  an  absorption  band  at  X  T040,  when  the  temperature  of  the 
absorption  cell  was  above  that  necessary  for  dissociation.  No  characteristic 
absorption  bands  were  observed  above  this  wave-length. 

II.  EMISSION. 

It  has  been  shown  by  Frank  and  Hertz,*  and  by  McLennan  and  Henderson,! 
that  when  heated  mercury  vapour  is  bombarded  by  electrons  possessing 
kinetic  energy  corresponding  to  a  fall  of  potential  of  about  4'9  volts,  a 
so-called  single-line  spectrum  is  produced,  consisting  of  a  radiation  of 
X  253672  A.  Some  time  previously  E.  W.  WoodJ  and,  later,  McLennan  and 
Edwards§  showed  that  this  wave-length  was  very  easily  absorbed  by  non- 
luminous  mercury  vapour.  t  Also,  if  we  apply  the  quantum  relation  Ve=hv, 
we  find  that  4'9  is  the  voltage  corresponding  to  the  frequency  of  this  line. 
This  has  given  rise  to  an  interesting  discussion  as  to  whether  or  not 
ionisation  really  takes  places  at  4'9  volts,  or  whether  no  true  ionisation 
occurs  until  the  arcing  potential  is  reached,  that  is,  the  potential  required  to 
bring  on  the  many-lined  spectrum.  There  has  also  been  considerable 
discussion  upon  the  question  as  to  whether  the  so-called  single-line  spectrum 
does  really  consist  of  a  single  line  or  whether  it  contains  the  whole  series  of 
which  X  2536  A.  is  the  first  member,  or  if,  indeed,  the  individual  lines  of  this 
series  appear  one  by  one  as  the  voltage  is  increased  to  the  value  correspond- 
ing to  their  respective  frequencies.  Now  the  writer  has  already  shown  that 
the  line  of  wave-length  X  1*014  is  very  easily  absorbed  by  non-luminous 
mercury  vapour,  and  the  corresponding  voltage  given  by  the  quantum  relation 
is  1-26  volts,  hence  there  is  at  least  some  reason  for  suspecting  that  this  line 
may  be  emitted  when  the  vapour  is  bombarded  with  electrons  possessing 
kinetic  energy  corresponding  to  a  minimum  fall  of  potential  of  1*26  volts. 
If  such  should  prove  to  be  the  case,  this  would  be  the  true  single-line 

*  Frank  and  Hertz,  *  Verb.  d.  Deutsch.  Phys,  Ges.,'  vol.  11,  p.  512  (1914), 

t  McLennan  and  Henderson,  'Boy.  Soc.  Proc.,'  A,  vol.  91,  p.  485  (1915). 

$  R.  W.  Wood,  « Astrophys.  Jour.,'  vol.  26,  p.  41  (1907). 

§  McLennan  and  Edwards,  'Trans.  Roy.  Soc.,'  Canada,  III,  vol.  9,  p.  167  (1915). 


Infra-red  Spectra  of  V  /  Cadmium.       292 

spectrum   nf    memiry.       Addiii-.ii.il    1  i*.    tlir.-wu    upon    the 

prohlem>  of    i.inisjitinii  aiul  of    atomic   structure,      H>  -  end 

ried   nut.  which    ._;ave    results    which    were  mily   partial' 

their  character.     .  ••!  aln.vr.  the   line   was  found   to  IK-  emitted   \vitli 

voltages  as  low  as  5  volts ;  but  whether  a  voltage  as  low  as  1*26  volts,  or  even 
My  voltage  less  than  4'9  w«>uld  suHice  to  stimulate  this  line  is  still  Of* 
doubt,  although  i  thd  in  favour  of  such  being  the 


Apparatus. 

The   apparatus    used    in    the    investigation   is   represented   in   fig.   7.      It 
<•'  -nested  of  a  long  glass  tube,  AB,  with  a  reservoir,  E,  sealed  on  to  one  side  of 
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it,  and  closed  at  one  end  by  a  qnait/ window.  Kami  at  the  other  end  l»y  the 
ebonite  plug,  C.  Stout  copper  wires,  F,  G,  passed  through  the  ebon 
ami  were  connected  just  above  the  reservoir  by  a  short  piece  of  tungsten 
wiie^H.  A  heavy  iron  wire  passed  through  the  end  \  at  »ne  side  of  the 
quartz  window  ami  terminated  in  a  circle  bent  at  K  at  right  angles,  so  at  to 
present  itfl  flat  side  towanto  the  tungsten  pieoe  of  iron 

ehain  hung  from  |  in  tin-  reservoir,  E,  and  «lij 

into  the  mcreury  with  which  the  l.itt-  r  wai  :iil<«d   The  tungsten  filament  was 
heated  to  incand^sren<-e  by  means  of  a  di' 

Billed  hy  the  i  h,  •  im.H  acted  as  a  copious  source  of  electrons. 

The  battery,  Vf  was  connected  up  through  the  re*ifttanoe.  KI,  one  end  of  v 

4soconnecte<l  to  the  ].iotrudmg  ••  nt  wire,  K 
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was  provided  with  a  sliding  contact,  which  was  connected  to  the  copper 
wire,  F.  By  this  means  any  desired  voltage  could  he  applied  between  the 
tungsten  filament  H  and  K,  and  the  mercury  itself,  its  value  being  measured 
by  the  voltmeter,  MI.  Now  the  connections  were  so  arranged  that  K  was 
made  positive  to  H,  thus  providing  a  field  of  attraction  for  the  electrons 
emitted  from  H.  Also,  by  means  of  the  heating  circuit,  G  was  made  positive 
to  F  and  the  potential  difference  between  their  ends  was  measured  by  means 
of  the  voltmeter,  M^  Since  F  and  G  were  stout  copper  wires  connected  by  a 
fine  wire  of  tungsten,  therefore  practically  the  whole  fall  of  potential  took 
place  over  the  tungsten  ;  its  value  ranged  from  1  to  2  volts.  The  voltage 
applied  to  the  electrons  was  measured  between  K  and  H,  as  stated  above ; 
therefore  it  is  obvious  that  this  is  the  maximum  value  of  the  applied  field ; 
that  is  to  say,  it  was  the  value  of  the  field  between  any  point  on  K  and  the 
end  of  the  filament  which  was  connected  with  F.  Any  other  point  on  the 
filament  was  at  a  slightly  higher  potential,  and  therefore  the  difference  of 
potential  was  not  so  great  as  the  value  given  by  the  reading  of  the  voltmeter, 
M.  In  operation,  the  quartz  window,  the  ebonite  plug,  and  all  wires  were 
sealed  in  with  mastic  wax ;  mercury  was  introduced  into  the  reservoir,  and 
the  whole  was  exhausted  by  means  of  a  Gaede  pump  attached  to  the  open 
tube,  L,  the  pump  being  in  operation  during  the  whole  progress  of  the 
experiment.  In  the  first  trials  the  parts  of  the  tube  from  E  to  D  and  from 
E  to  C  were  of  equal  length,  about  35  cm.  It  was  found  that  any  effect 
produced  by  the  electrons  traversing  the  vapour  between  H  and  K  was 
masked  by  the  length  of  the  column  of  vapour  through  which  it  was  viewed, 
so  that  in  the  later  experiments  the  arm  ED  was  cut  down  to  about  6  or 
8  cm.,  and  the  quarra  window  was  sealed  in  with  Kotchinsky  cement,  to 
withstand  the  heat  due  to  the  filament.  It  was  impossible  to  shorten  the 
tube  still  further,  as  even  the  Kotchinsky  cement  failed  to  sustain  a  vacuum 
when  in  close  proximity  to  the  incandescent  tungsten. 

In  making  observations,  the  tube  was  set  in  alignment  with  the  slit  of  the 
infra-red  spectrometer,  and  a  cylindrical  quartz  lens  was  used  to  focus  on  the 
slit  any  radiations  from  the  space  immediately  in  front  of  the  iron  ring,  K. 
The  filament  was  then  brought  to  incandescence,  the  mercury  gently  heated, 
the  voltage  applied,  and  readings  taken  in  the  usual  way. 

Results. 

As  stated  above,  the  first  readings  were  taken  with  a  tube  having  arms  of 
equal  length,  but  in  every  case  the  energy  curve  showed  absorption  at  wave- 
length X  1/104.  This  was  due  to  the  fact  that  the  tungsten  filament  emitted 
radiations  of  all  wave-lengths,  giving  rise  to  a  continuous  energy  curve, 
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region  "»'  mercury  vapour.  t  lie  ni.liatin  us  of  wave-length 
X  1-104  WIMV  absorbed,  thus  producing  ft  depression  in  tin*  eiuTi:\  vhich 
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observed  MI  wave-length  X  1*01  with  an  applied  potential  difference  of  30  volts. 
In  this  case  the  mercury  was  heated  gently  and  the  many-lined  spectrum  was 
not  visible  until  just  at  the  conclusion  of  the  readings.  The  energy  curve  is 
shown  in  tig.  8.  With  lower  voltages  absorption  was  obtained  in  every 
instance  when  external  heat  was  applied  to  the  mercury  in  the  reservoir, 
even  very  gently.  Thereafter  no  external  heat  was  applied,  the  heat  of  the 
tungsten  h'lameiit  itself  being  sufficient  to  produce  mercury  vapour  of  very 
low  density.  With  this  procedure  the  voltage  was  gradually  reduced  to 
5  volts,  the  intensity  of  the  emission  at  wave-length  X 1-014  being  correspond- 
ingly diminished  until  at  5  volts  it  was  hardly  perceptible  under  the  most 
favourable  conditions.  Fig.  9,  a,  shows  the  line  emitted  with  9*6  volts,  while 
fig.  9,  b,  shows  a  marked  absorption  band  with  the  same  voltage  when  the 
mercury  was  gently  heated  externally.  Fig.  10  shows  the  energy  curve  with 
5  volts.  Fig.  11  is  the  result  obtained  with  4*5  volts. 

Discussion  of  Results. 

Making  a  comparison  of  the  results  obtained  with  the  absorption  spectra 
of  mercury,  zinc,  and  cadmium  we  see  that  the  wave-lengths  upon  which 
absorption  occurs  most  readily  are  respectively  XXT014,  1105,  and 
T040,  which  are  known  to  be  the  lines  of  greatest  intensity  in  the  arc 
spectra  of  these  metals.  Since  they  are  also  the  first  members  of  an 
important  series  of  emission  lines  in  the  arc  spectrum  represented  by 
y  =  (2'5,  S)— (m,  P),it  is  evident  on  the  Bohr  theory  of  atomic  structure  that 
in  the  neutral  state  there  must  be  a  large  percentage  of  the  atoms  which 
have  electrons  in  the  orbit  of  stability  from  which  this  series  is  derived. 
Also,  since  the  frequencies  associated  with  these  wave-lengths  are  smaller 
than  any  of  the  other  frequencies  at  which  absorption  occurs,  it  is  altogether 
probable  that  this  orbit  of  stability  is  the  outermost  one  which  contains 
electrons  in  the  normal  atom.  Now,  when  light  of  all  wave-lengths  is  passed 
through  metallic  vapour,  say  mercury,  frequencies  corresponding  to  Xl '014 
are  readily  absorbed,  and  a  number  of  electrons  are  lifted  to  the  next 
succeeding  orbit  of  stability  from  which  they  will  very  quickly  return  to 
their  original  orbit  with  consequent  emission  of  radiation  of  X  T014  which 
will  be  scattered  in  all  directions.  This  scattered  radiation  has  never  been 
observed  for  this  wave-length,  but  E.  W.  Wood*  has  observed  the  same 
phenomenon  in  the  case  of  absorption  by  non-luminous  mercury  vapour  of 
X  2536  A.  The  same  thing  should  occur,  theoretically,  for  all  the  lines 
belonging  to  the  series  v  =  (2'5,  S)— (m,  P) ;  i.e.,  we  ought  to  have  absorption 
occurring  at  each  of  these  wave-lengths.  However,  if  we  examine  the 
*  ft.  W.  Wood,  '  Phil.  Mag.,'  vol.  23,  p.  689  (1912). 
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members  of  this  series  as  they  occur  in  the  mercury  arc  we  find  that  with 
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belong  to  either  of  the  series  of  single  lines,  v  =  (2'5,  S)— (m,  T)  or 
v  =  (2'5,  s)—(m,  P),  but  is  a  member  of  a  triplet  series. 

In  the  case  of  the  first  members  of  the  series  v  =  (2'5,  S)— (m,  P)  energy 
is  absorbed  from  radiations  of  that  frequency  so  readily  that  it  is  altogether 
probable  that  electronic  bombardment  should  suffice  to  remove  an  electron 
from  its  normal  orbit  of  stability  to  its  first  temporary  orbit,  whence  it 
should,  on  returning  to  its  original  orbit,  emit  radiation  of  frequency 
v  =  (2*5,  S)— (2,  P).  The  experiments  detailed  in  this  paper  have  only  partially 
confirmed  this  result  in  the  case  of  mercury.  According  to  the  quantum 
relation  a  fall  of  potential  of  1*26  volts  should  give  sufficient  energy  of  col- 
lision so  that  an  electron  would  be  just  removed  to  its  first  temporary  orbit. 
In  these  experiments  the  minimum  voltage  with  which  emission  of  the 
wave-length  X  1*014  was  observed  was  5  volts,  but  this  is  attributed  to  the 
fact  that  the  absorption  band  produced  by  the  radiations  from  the  hot 
tungsten  wire  which  acted  as  source  of  electrons  more  than  counterbalanced 
the  radiations  emitted  as  a  result  of  the  electronic  bombardment.  If  it  can 
be  proved  that  the  first  line  of  this  series  is  emitted  under  electronic 
bombardment  with  a  voltage  given  by  the  quantum  relation,  then  we  have 
three  very  important  results  which  follow  directly,  the  first  of  which  has 
already  been  pointed  out  in  a  paper  by  Prof.  McLennan.* 

(1)  If  energy  corresponding  to  a  fall  of  potential  of  1*26  volts  is  sufficient 
to  remove  an  electron  from  its  normal  orbit  to  its  first  temporary  orbit,  then 
an  increased  voltage  should  remove  the  electron  completely  out  of  the  atom, 
that  is  to  say,  we  should  have  ionisation.  The  voltage  necessary  for  this 
must  be  given  by  the  relation  Ve  =  hvt  where  v  is  the  frequency  corre- 
sponding to  the  last  line  of  the  series  v  —  (2*5,  S)— (m,  P),  that  is  to  say,  the 
frequency  is  given  by  v  =  2 '5,  S.  Table  VI  is  reproduced  here,  in  part,  from 
the  paper  by  Prof.  McLennan,  loc.  cit. 

Table  VI. 


Element. 

\(v  =  2'5,S-2,  P) 

X  (v  =  2  -5,  S) 

V-A(2-6,S)/e 

Mercury    

10140  '58  A. 

4937  '4  A. 

2  '51  yolts 

Zinc 

11055  -4  A 

5007  -0  A 

2  '48  volts 

Cadmium 

10395-17  A. 

5201  7  A. 

2  '39  volts 

Now,  in  the  case  of  mercury,  the  question  of  ionisation  has  been  the 
subject  of  very  careful  investigation,  and  up  to  the  present  there  has  been  no 
experimental  evidence  in  favour  of  this  theory  that  ionisation  should  occur 

*  Read  before  the  American  Physical  Society  at  Washington,  April,  1917. 
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~»1  volts.     The  only  ]>  lie  in  the  same  direction 

«'  explanation  for  the  lack  of  absorption  beyond  the  second  member  of 
this  series.      This,  however,  would  only  explain  the  existence  of  a  weak 
i  ,  not  the  total  absence  of  all  ionisation  corresponding  to  a  poU- 

•ry  probable  that  the  intensity  of  iouisatiou  is  too  weak 
recorded  except  under   special  experimental  conditions.     It  may  be 
pointed  out  here  that  this  should  be  a  true  ionisation  effect,  inasmuch  a 
wave-length  X  1-014  has  a  frequency  which  is  much  below  the  limit  of  photo- 
electric action.      That  is  to  say,  the  actual  emission  of  radiations  of 
wave-length  would  have  no  effect  tending  to  increase  the  ionisation  cm 
as  is  the  case  with  the  emission  of  wave-length  X  253672  A. 

(2)  In  a  recent  paper,  van  der  Bijl*  has  made  use  of  the  results  obtained 
by  Frank  and  Hertz  and  others  to  show  that  "  the  outermost  stable  orbit 
which  contains  electrons  in  the  normal  state  of  the  vapour  is  that  u 
corresponds  to  a  potential  energy  equivalent  to  4*9  volts  less  than  the  next 
succeeding  orbit  .  .  .  and  which  required  10  '4  volts  to  completely  detach  an 
electron  from  it."     He  then  goes  on  to  show  that  the  existence  of  lines  of 
longer  wave-length  than  X  2536*72  A.  in  the  mercury  spectrum  (i.e.,  with 
energy  corresponding  to  less  than  4'9  volts)  can  be  explained  by  the  theory 
of  successive   impacts,  i.e.,  that   when   an   atom   is  displaced   to  a  given 
temporary  orbit  it  may  receive  additional  energy,  causing  a  displacement  to 
an  orbit  still  more  remote  from  the  centre  before  it  has  time  to  return  to  its 

nal  orbit  of  stability.  The  experiments  detailed  here  would  go  to  show, 
however,  that  this  is  not  the  outermost  orbit  of  stability  in  the  normal 
atom,  but  that  the  real  outermost  orbit  of  stability  is  the  one  which 
corresponds  to  potential  energy  of  1'26  volts,  ami  -vhich  requires 
2'51  volts  to  detach  an  electron  from  it  completely.  While  this  does  not 
eliminate  the  theory  of  successive  impacts,  it  renders  it  much  less  necessary. 

(3)  In  the  earlier  experiments  by  Prof.  McLennan  t  it  was  found  necessary 
to  give  the  electrons  energy  corresponding  to  a  fall  of  potential  of  10  to 
1  1  volts,  in  order  to  produce  the  many-lined  spectrum  of  mercury.    Hebb 
and   Millikan*    found,  however,   that   the   many-lined  speotrum  could   be 
produced  with  any  voltage  greater  than  4*9  volts.      Early   in   last  year, 

.  McLennan   (loc.  cit.)  reported   that  he  had  confirmed   these  latter 

Its,  and,  moreover,  had  succeeded  in  maintaining  an  arc  in  mercury 

,  .plied  potential  aa  low  as  3*3  volts.     Van  der  By!  (loc.  cit.) 

expla  effect  also  by  successive  impacts,  voltages  above  4*9  being 


*  H.  J.  van  d«  'hya  ReV  roL  X,  ft,  p.  546  (1917). 

t  J.  0.  McLennan,  •  Roy.  Soc.  Proa,'  A,  vol.  92,  p.  306  (1916). 
;   I  (ebb  and  Miltikan,  *  Phyt.  Rev./  vol.  9,  pp.  371  and  378  (1917). 
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sufficient  to  remove  electrons  to  the  first  orbit  beyond  the  normal  one,  and 
by  additional  increments  of  energy  the  atomic  diameter  gradually  increases 
until  electrons  are  situated  in  all  temporary  orbits  of  stability.  In  this  con- 
dition only  a  small  voltage  will  suffice  to  maintain  an  arc  indefinitely, 
However,  if  the  applied  voltage  is  allowed  to  fall  below  4*9  volts  then,  if  an 
electron  once  returns  to  its  normal  orbit  of  stability,  it  cannot  again  be 
removed.  Hence,  only  a  short  time  will  suffice  to  reduce  the  percentage  of 
electrons  occupying  temporary  orbits  of  stability  to  such  an  extent  that  the 
arc  will  vanish. 

We  can  then  only  conjecture  by  what  means  the  arc  is  actually  maintained 
in  experiments  with  an  applied  potential  of  only  3'3  volts.  If,  however,  we 
concede  that  an  electron  can  be  removed  completely  from  the  outermost 
orbit  of  stability  in  the  normal  atom  with  energy  corresponding  lo  only 
2'51  volts,  the  phenomenon  is  explained.  It  may  be  pointed  out  as  well, 
that  it  is  not  necessary  that  the  ionisation  should  be  of  great  extent,  that  is 
to  say,  that  a  large  number  of  electrons  should  be  removed  completely  from 
the  atom  in  one  step.  The  evidence  given  above  goes  to  show  that  the 
2*51  volt  ionisation  is  extremely  small.  However,  it  is  apparent  that 
electrons  are  removed  from  the  outermost  normal  orbit  to  the  two  next 
succeeding  temporary  orbits  with  ease,  and  once  having  them  free,  so  to 
speak,  additional  increments  of  energy  would  cause  them  to  drift  gradually 
toward  the  extreme  limits  of  the  atom  in  accordance  with  van  der  Bijl's 
theory.  This  action  would  continue  indefinitely  as  long  as  the  applied 
potential  is  kept  above  1*26  volts. 

From  the  foregoing  it  is  evident  that  the  question  of  ionisation  and  radia- 
tion from  an  atom  of  an  element  such  as  mercury  is  a  most  complex  one 
which  has  not  yet  been  completely  solved.  It  is  probable  that  we  shall  not 
obtain  a  clear  conception  of  all  that  takes  place  until  Bohr's  theory  of  atomic 
structure  can  be  extended,  so  as  to  take  care  of  all  the  factors  introduced  l»y 
the  study  of  an  atom  such  as  mercury  containing  a  very  )arge  number  of 
electrons. 

In  conclusion,  I  wish  to  extend  my  thanks  to  Prof.  McLennan  for  his 
kindly  advice  and  interest  and  his  many  valuable  suggestions.  I  also  wish 
to  express  my  sincere  gratitude  to  my  wife,  who  has  assisted  in  the  recording 
and  reduction  of  a  great  deal  of  the  vast  amount  of  observations  made  during 
the  course  of  this  work. 
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